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ROTATIONS IN THE IRON ARC. 
By W. G. Capy. 


§ 1. Reference has been made in previous papers! to a peculiar type 
of rotations found at the anode of the iron arc in air. Subsequent experi- 
ments have shown that the phenomenon is more complicated than was 
at first supposed. Stated briefly, if the anode is sufficiently oxidized 
so that a smooth molten globule of oxid is formed, the positive base of 
the arc tends to fall into a circular motion, producing the appearance of 
a minute ring of light at the anode. As the current is increased from 
about 1.5 to 2.5 amperes, four characteristic types of rotation may be 
observed in succession, the transition from one type to the next being 
marked by a distinct and sudden change in diameter and frequency of 
rotation. This is not the result of artificial conditions, but the normal 
sequence of events in the iron arc as the current increases. 


APPARATUS AND METHOD. 


§ 2. Since we are dealing with an effect that depends essentially 
upon the anode, any substance that does not, by distilling across the 
arc, change the chemical nature of the anode, may serve as cathode. An 
iron cathode serves fairly well, but the wandering of the negative base is 


‘troublesome. I have secured the best results by using as cathode a cored 


carbon half an inch in diameter. Apparently the traces of salt in the 
carbon tend to hold the negative base steadier at the small currents with 
which we have here to do. Care must however be taken not to let the 
arc take place directly from the core, as the metallic salts from the core 
change the form of the discharge to a glow at the anode, so that the first 
stage’ persists even for currents over five amperes. It was found best 
to remove the core, leaving a bore through the center of the carbon. The 


1 Am. Jour. Sci., 24, p. 405, 1907; Puys. REV., 24, p. 381, 1907, and 35, p. 77, 1912; Phys. 
Zeitschr., 8, p. 890, 1907. 
2 Cady and Arnold, Am. Jour. Sci., 24, p. 384, 1907. 
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negative base of the arc occupied only a small spot on the side or end of 
the carbon. No advantage was found from impregnating solid carbons 
with various salts. The anode may be either above or below, in the 
form of an iron rod from 3 to 6 mm. in diameter with oxidized end, or a 
small bead of oxid resting in a depression on the end of a carbon holder. 
The length of arc in the present experiments varied between 3 and 10 mm. 
Most of the experiments recorded here were performed with the brass 
water-cooled lamp shown in Fig. 1. As this apparatus has been found 
useful in various lines of work, the following brief description is given. 
It consists of an inner vertical cylinder TT of brass 18 X 9 cm., with flat 
top and bottom, completely inclosed in an outer brass jacket. Water 
is kept flowing in at A and out at B. Cand D are brass tubes for inlet 
or outlet of gases. £ is a round horizontal brass disk on the end of a 
vertical brass stem with hard rubber handle G, which can be rotated 
about a vertical axis by means of a ground glass joint. The stem 
is sealed into the lower member of the 
5 joint at M. The upper member of the 
joint, N, is sealed into a brass tube, 
T which is soldered to the inner and outer 
jackets. The joint is thus kept cool. 
D F! The disk E carries six brass sockets 
| « (two of which are shown), in which 
aAITrN~, various electrodes may be fastened. A 
/ convenient interchange of electrodes is 
( thus made possible without opening the 
| / lamp. For the present purpose this was 
a —j an important consideration, since the 
ET C rapid and irregular wearing away of the 
carbon cathodes made frequent changes 
N lh necessary. F is the upper electrode, 
controlled by a rack and pinion move- 
ment. The stem for turning the pinion 
| passes through a horizontal glass joint 
(not shown) similar to that at EZ. In 
front is a round opening passing through 
the inner and outer cylinders, indicated 
by a dotted line in Fig. 1. A glass window can be screwed tightly 
over this. 
For the experiments in free air the window was generally left open. 
But since the rings are best observed when disturbing air-currents are 
eliminated, it was sometimes necessary to close the opening and to draw 
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a slow current of air through the lamp, in order to maintain the supply 
of oxygen. 

In order to make the rings visible from the front, the cathode was 
generally brought into such a position as to cause the arc to take place 
from a point on the front of the anode globule. 

§ 3. The following methods were employed, singly or together, in 
studying the appearance of the anode and the accompanying oscillations. 

1. A large image of the arc was projected on to a screen. 

2. The frequency of the oscillations could be approximately deter- 
mined by comparing with a tuning fork the high-pitched whistle that 
accompanied the rotations. 

3. To detect small periodic effects, especially when there were disturb- 
ing noises, a high-resistance telephone receiver, shunted by about one 
ohm, was connected in series with the arc. The receiver responded to 
the small fluctuations in current which, as will be séen, always accompany 
the rotations. 

4. By reflecting the image from a rotating mirror, the movements of 
the positive base could be roughly examined. Although no stationary 
image could be obtained in this way, still valuable knowledge of the 
character of the movements was gained. 

5. The fluctuations in current and potential drop were recorded with 
a Duddell high-frequency oscillograph and rapidly moving film. 

6. A somewhat enlarged image of the arc was in some cases photo- 
graphed on the moving film, alone or simultaneously with the oscillograph 
records. 

All the characteristic phenomena can be observed with a supply of 
110 volts, but in general from 150 to 300 volts were used, as the arc 
was then more stable. A liquid resistance was used for fine regulation of 
current. 

DESCRIPTION OF THE ROTATIONS. 

§ 4. Type A.—Up to about 1.5 amp. the anode globule, though brightly 
incandescent, is not vaporizing, 7. e., the arc is on the first stage with a 
glow discharge at the anode. At about 1.5 amp. the change to the second 
stage generally occurs, when the current increases abruptly one or two 
tenths of an ampere. The positive base of the discharge then concen- 
trates itself upon a spot similar to that at the cathode, and a hissing 
sound is heard, due to the vaporization. A close examination of the 
magnified image, however, reveals the fact that the positive base is in 
the form of a ring with dark center, about 0.4 mm. in diameter, while 
under favorable circumstances a faint wavering high-pitched note can be 


heard. 
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This is the first of the four types of rotation referred to above. For 
brevity we will call it “Type A,” or ‘Ring A.””. The measured frequency 
f and diameter 6 of this as well as of the other three types are shown in 
Fig. 2. The data for this figure are mostly taken from a single photo- 
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Fig. 2. 


Dependence of frequency f (cycles per sec.), diameter of ring 6 (cm.), linear velocity v (cm. 
per sec.), and normal acceleration a, upon the current, for the four types of rotation. 


graphic film. The drum carrying the film was kept turning at the rate 
of 10 rev. per sec. during the operation. The “‘life history”’ of all four 
types was recorded as a practically continuous record about eleven feet 
long on this film. This was done by gradually decreasing the resistance 
in the arc circuit, while simultaneously the lens that projected the image 
of the positive base on to the film was moved sidewise by hand at as 
uniform a rate as possible. The values here shown were confirmed by 
other observations, photographic and visual, and may be taken as repre- 
sentative of the normal phenomena, except that the changes on this film 
took place at somewhat smaller currents than is commonly the case. 
In single instances, more or less wide departures from these values must 
be expected, for while the relative values of f and 6 in any experiment are 
generally in agreement with Fig. 2, still the absolute values may differ very 
widely. Hence averages from different tests are sometimes untrust- 
worthy. 
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The broken lines in Fig. 2 are based on other data gathered at different 
times. 

§5. Type B.—Between 1.67 and 1.73 amperes the second type of 
rotations, which we will call Type B, begins to assert itself. This ring, 
as seen in Fig. 2, has a smaller diameter and higher frequency than Type A. 
It appears on the film first in short trains interjected at intervals in the 
midst of Type A. This is seen in the first curve in Fig. 3. The long 
waves are Type A, the short ones Type B; for each type, the frequency is 
higher than that shown on Fig. 2. Neither type is as steady here as 
when it exists by itself alone. As the current increases, the trains of 
waves from Type B become longer and the intervals (Type A) shorter, 
until at 1.73 amp. (Fig. 2) Ring A ceases altogether and Ring B 
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Fig. 3. 

I. Photograph of positive base on moving film. Types A (large) and B (small) alternating. 
Mean diameter of ring, Type A, 0.3 mm. Current, 1.75 amp. 

II, Oscillograph records of p.d. and current, together with image of positive base similar 
to (I). Type C, frequency 1,600. In Ecurve, 1mm. = 1.34 volts; in J curve, 1mm. = 0.013 
amp. Diameter of ring, 0.9 mm. Current, 2.05 amp. 

III. Oscillograph record of p.d., Type C, frequency 1,670. 1mm. = 1.23 volts. 

IV. Photograph of positive base, Type D. 1mm. = 0.206 mm. at anode of arc. Current, 
2.75 amp. 


alone is seen. Direct examination with the rotating mirror reveals the 
same effect. The data for Fig. 2 are not taken from the films shown in 
Fig. 3. 
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The audible pitch falls gradually in a peculiar manner while the transi- 
tion from Type A to Type B is in progress. This, I think, is due to 
slowing down of the column of entrained gas, which, as long as Type B 
alternates with Type A, fails to keep in step with either ring. The sound 
of course proceeds from the moving vapor and not alone from the positive 
base of the arc. 

§ 6. Type C.—On the film on which Fig. 2 is based, Type B lasts only 
up to 1.80 amperes, when quite suddenly it gives place to the third type. 
Here the diameter is much larger and the frequency correspondingly 
lower. This, by far the most conspicuous of the rotations, is the one 
referred to in the earlier papers. Occasionally Type C fails to appear, 
or at most it comes in a few irregular trains. This is especially the case 
when the arc is disturbed or when the gas contains an insufficient supply 
of oxygen. The range of current over which Type C prevails is often 
very limited, in the present case only from 1.80 to 1.88 amp. Under 
normal conditions, Type C begins at about 2 amperes and lasts until 
2.3, or even 2.5, amperes, at which point Type D begins. 

The audible tone due to Type C, which may be heard at a considerable 
distance from the arc, varies in the manner indicated by the frequency 
curve in Fig. 2. The absolute values of f and 6 are nearly the same, at 
whatever current the ring first appears. 

In Fig. 4 may be seen a charcoal drawing of the arc between an iron 
anode and carbon cathode, based upon a photograph. Owing to very 
unequal light distribution, the photograph did not lend itself to direct 
reproduction. The diameter of Ring C was 0.91 mm., current 2.12 amp. 

Simultaneous records of current and voltage, together with the image 
of the positive base for Type C, are shown in the second group of curves, 
Fig. 3. The long-period fluctuations in the oscillographic records, which 
are very evident on the complete film (only a part of which is here shown), 
are due either to swaying of the arc or to wandering of the negative base. 
Whatever the cause, it is evident that the movement of the positive base 
was undisturbed. Curve III of Fig. 3 is a voltage record for Type C, 
showing irregular fluctuations at the beginning, as well as the appearance 
of beats (cf. § 10). 

§ 7. Type D.—At 1.88 amp. the film under discussion shows a sudden 
change to the fourth type of rotation, Type D. This, the final type, 
lasts in air at atmospheric pressure up to about 5 amp. The frequency 
falls and the diameter increases with increasing current (Fig. 2). Beyond 
3 amp., however, the motion becomes very irregular. Still, up to 5 amp. 
the rotating mirror still shows detached trains of large waves in the midst 
of the irregular wandering of the positive base; at about this point the 
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movement ceases somewhat suddenly, as explained in § 22. From then 
on, no tendency to wander has hitherto been observed. 

The appearance of Ring D, as revealed by the moving film, is seen in 
Curve IV of Fig. 3. The disturbed state characteristic of large currents 
is here in evidence. 

As has been stated, the currents for this particular film were smaller 
than those usually encountered. In general, one may look for the four 
types at about the following values of current: Type A, from 1.4 to 1.8 








Fig. 4. 


Iron arc rotations, Type C. Below: Carbon cathode. Above: Iron oxide anode. Current, 
2.12 amp. Diameter of ring, 0.91 mm. 


amp.; Type B, from 1.8 to 2.0 amp.; Type C, from 2.0 to 2.5 amp., 
though very often Type B or Type D encroaches widely on this interval; 
‘Type D, from 2.5 to 5 amp. 

§ 8. Remarks on Type C.—The vapor of the arc for a distance of several 
‘millimeters from the anode seems to partake of the motion. At any 
rate, the arc becomes diffuse, and the envelope of yellow flame surround- 
ing it, which is due chiefly to the oxidation of the iron vapor, flickers 
convulsively the moment the ring appears. If the arc is shortened to 
about 2.5 mm., the negative base is also affected by the rotation and the 
anode ring is less distinct. With still shorter arcs, Type C fails to 
appear, though the other types are still in evidence. It would appear 
from this that only about 2.5 to 3 mm. of vapor, at the anode end of the 
arc, is affected by Type C, and that the vapor is even less influenced 
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by the other types. Type C generally passes through a very disturbed 
state at largest currents, just before the change to Type D takes place. 
Sometimes the arc appears to divide into two or more parallel arcs. The 
anode sometimes becomes so cooled at such times that in spite of the 
large current the change from second to first stage (non-vaporizing anode) 
occurs. Over this part of the characteristic curve accurate observations 
of current and p.d. are impossible. 

On diminishing the current, the observations on all four rings are 
repeated in reverse order. Whenever Type C begins, whether on in- 
creasing or decreasing current, the drop across the arc always increases 
I to 2 volts while the current decreases slightly. This is probably due 
to the lengthening of the arc. 

The tendency of both ends of the arc to wander over the surfaces of 
the electrodes is a most exasperating feature of the work, rendering precise 
observations utterly impossible. Various remedies, such as steadying 
the arc by holding a bar magnet near it, have been tried without success. 
Ring C is the hardest form to obtain. It is seen generally only for a few 
seconds at a time, though under good conditions it may last a full minute. 

§ 9. Refraction of Light by the Column of Hot Vapor.—The surface of 
the iron oxid globule, which under normal conditions is brightly in- 
candescent, is extremely smooth, giving a distinct reflected image of the 
column of vapor and of the negative end of the arc, especially when a 
carbon cathode is used. If the globule is viewed from such an angle 
that the negative crater is reflected from a point near the positive base 
of the arc, a curious distortion takes place: the image sends out a line 
pointing toward the positive base, and sometimes a second fainter image 
appears close to the main one, in a direction away from the positive base. 
This condition is shown close to the ring in Fig. 4. 

The first of these effects is probably due to refraction of the light from 
the crater by the hot vapor of the arc. The second image seems to result 
from a deformation of the surface of the globule, caused by the mechanical 
pressure which the arc is known to exert upon the molten surface. 

No distortion of the image of the negative crater is seen on the first — 
stage of the arc, as the positive base is then very diffuse and no vaporiza- 
tion of the anode takes place. 

A similar distortion of the reflected image was observed with anodes 
of other metals and oxides (§ 26). 

§ 10. Observations with the Oscillograph.—It seemed desirable to study 
the variations in voltage and current produced by the rotations. A 
Duddell high-frequency oscillograph with rapidly moving film was used. 
In some cases an image of the anode of the arc was projected on to the 
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film, in addition to the oscillograph spots. A part of one such record is 
shown in Fig. 3, JJ. 

Owing to the high frequencies involved, it was not possible to secure 
oscillographic records showing accurately the wave-form of the current 
and voltage curves. Indeed, except at the lowest frequencies, variations 
accompanying Types A, B and D could not be seen at all. Type C was 
always found to be accompanied by oscillations in arc voltage amounting 
to + 1 to 3 volts, and in current amounting to = 0.01 to 0.03 amperes. 
The cause of these fluctuations lies probably in periodic changes in length 
and temperature of the arc, especially since in taking the photographs 
the electrodes were moved oui of vertical alignment in order to bring 
the positive base as far over on to the side of the globule as possible. 

On some films the amplitude of the oscillograph curves varies period- 
ically, reaching a minimum every ten to twenty cycles, or even passing 
through a zero value and suffering a phase displacement of 180°, as in 
Fig. 3, JJJ. This at once suggests beats, and indeed it is not impossible 
that such were present, since once in a while two tones could be heard 
at once during Type C. The appearance of beats, moreover, would be 
produced if, owing to air currents or other cause, the entire ring swayed 
from side to side over the surface of the globule. Direct evidence of such 
swaying was sometimes furnished by the blurred appearance of the ring: 
This might account for the production of two musical notes, especially 
through the action of the Doppler effect. 

On the whole, the determination of current and voltage relations does 
not seem to be of particular value in the study of these rotations, except 
in so far as it throws additional light upon the periodicity. These obser- 
vations with the oscillograph serve, however, to explain the nature of 
the oscillations in the iron arc current which Arnold and the writer’ 
found always to be present on the second stage. 

Self-inductances (transformer windings) were at times connected in 
series with the arc on both sides, but they were without effect upon the 
period or sound of the rotations. 


THEORY OF THE ROTATIONS. 


§ 11. Itis well known that in both glow and arc discharge, rotation of 
the positive column can be produced by a radial magnetic field. It is con- 
ceivable that in the present case, a magnetic field perpendicular to the 
plane of the ring might maintain the circular motion by virtue of its 
component at right angles to the arc stream. The writer thought at 
one time that this would prove to be the cause of the rotations. That 
1 Cady and Arnold, l. ¢., pp. 405, 409. 
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such is not the case became clear when it was found that the period and 
amplitude of the rotations are independent of the_direction of the arc in 
space, and that the direction of rotation often reverses itself sponta- 
neously. Moreover, I have placed the arc in a magnetic field whose 
direction and intensity were varied through wide limits, without de- 
tecting the slightest influence on the rotations. 

Dufour! found that the irregular wandering of the cathode base of the 
mercury arc, caused by excess of vapor pressure, can be made to resolve 
itself into a circular motion. This cannot, however, be the controlling y 
cause of the iron arc rotations, since, as will be seen (§ 24), the presence 
of oxygen is the prime requisite for their maintenance. 

Trotter? observed a rotation of the bright spot at the anode of the 
carbon arc just before the beginning of the hissing stage. This was later 
shown to be due to the inrush of oxygen into the crater.’ As will be seen 
(§ 15), this bears a closer resemblance to the present rotations than any 
of the other types hitherto known. 

§ 12. It seems most probable that the rotations here described find 
their origin in modifications in the composition of the globule of oxid 
at the anode. We will consider first the cause of the wandering of the 
positive base, and then the conditions necessary for the maintenance of 
a continuous rotation. 

As has been stated, the anode globule on cooling is found to consist of 
magnetic iron oxid, FeO.Fe,.03. This oxid is known to possess a 
complex structure, and to undergo changes in its physical properties at 
certain critical temperatures.‘ 

Walden! found Fe,O; to be stable in air up to about 1350° C., at which | 
temperature it dissociates into O and Fe;0,. Kohlmeyer,* on the other 
hand, assigns to the melting point of Fe,O3 the value 1565°, with transi- 
tion points at 1300° and 1035°. Hilpert’ calls attention to the influence 
of previous history and method of treatment on the dissociation tempera- 
ture of Fe.O3, while Wiist® asserts that at 1050° the compound FeO.Fe.0; 
is formed, at 1100° 2FeO.Fe,O3, and at 1200° 3FeO.Fe.03. According 
to Hilpert, Kauffmann identified also 2FeO.3Fe.03. I know of no investi- 
gations on the reactions that take place at higher temperatures than these, 


1 Dufour, Jour. Phys., 5th Ser., 1, p. 109, I9QII. 
? Trotter, Electrician, 33, p. 298, 1894. 
3 Mrs. Ayrton, The Electric Arc, p. 300. 
4Cf. Heaps, Phil. Mag., 24, p. 813, 1912. Somerville, PHys. REv., 34, p. 311, 1912. 
_ Koenigsberger, Phys. Zeitschr., 13, p. 282, 1912. 
5’ Walden, Jour. Amer. Chem. Soc., 30, p. 1350, 1908. 
6 Kohlmeyer, Metallurgie, 6, p. 323, 1909. 
7 Hilpert, Ber. Deutsch. Chem. Ges., 42, p. 4893, 1909. 
8 Wiist, Metallurgie, 5, p. 11, 1908. 
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but it seems not improbable that still others occur before the final reduc- 
tion of the iron is accomplished. In addition, there is the possibility 
of the formation and dissociation of a nitride. 

Apparently at any given gas pressure the temperature close to the 
positive base of the iron arc is determined solely by the current. At any 
rate, heating the rod to which the positive globule is attached does not 
perceptibly affect the rotations. 

§ 13. Temperature of the Anode Globule.—A Pt : PtRh thermo-element 
y was thrust into the molten globule after the arc had been started, and 
observations for temperature were made at various values of the arc 
current. Owing to the wandering of the arc and the turbulence of the 
molten oxids, the results were very irregular, but the mean temperature 
of the globule seemed to be in the neighborhood of 1600° C. for currents 
between 1.5and3amp. Close to the positive base of the arc the platinum 
wire melted, and this occurred also when the thermo-element was thrust 
deeply into the globule to a point about one millimeter below the positive 
base, showing that here also the temperature is very high. Where the 
’ oxid touched the iron rod on which it rested, its temperature must of 
course have been below the melting point of iron, 1530°; half-way up the 
side of the globule the temperature was about 1450°, at a current of 
three amperes. The globule was about 4 mm. in diameter. 

The relative brightness of different parts of the surface of the globule 
was observed by projecting an enlarged image of the globule onto the 
screen of a photometer, the other side of which was illuminated uniformly 
by an incandescent lamp. No estimate of the actual temperature by 
this method was attempted, because the emissivity of the oxids is not 
{ known. But it was evident that the surface temperature fell off con- 
siderably as the distance from the positive base increased, and as the 
current decreased, as was to be expected. 

From these tests it is clear that in the neighborhood of the positive 
base the temperature is so high that it is impossible to conjecture what 
compounds may be present there. At the positive base itself the material 
may be reduced iron at all currents (except, of course, on the first stage). 
No conclusion as to the nature of the positive base can be drawn from an 
examination of the globule after it has cooled, for even in the absence of 
oxygen, as soon as the arc is put out, diffusion quickly removes all traces 
of the positive base. I tried quenching the globule suddenly with 
mercury on the instant of opening the switch in the arc circuit, but 
found that the globule flew to pieces on contact with the cold mercury. 

§ 14. From the above considerations it is apparent that at any given 
current the compounds in the region immediately surrounding the posi- 
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tive base of the iron oxid arc are richer in oxygen than is the positive base 
itself. If the arc took place with the same ease from all these compounds, 
and from pure iron itself, there would be no tendency for the positive 
base to wander. In a preliminary communication,’ the view was ex- 
pressed that the positive base was more highly oxidized than the sur- 
rounding region, and that the cause of the rotations lay in a higher anode 
drop at this point. More recent experiments” have indicated, on the 
contrary, that the lower drop which seemed to be present when the 
anode was of metallic iron was due to the arc vapor rather than to the 
anode, and that in fact the arc takes place with greater ease from an 
oxidized anode. Hagenbach* has recently found the anode drop to be 
less from an oxidized anode than from the pure metal. Whether the 
tendency of the arc to burn from the oxids rather than from pure iron 
is due to a specific property of the oxids or to their lower boiling points 
cannot at present be determined. It is exceedingly difficult to obtain 
reliable values of the anode drop with an exploring electrode, owing to 
the small size and instability of the arc at the small currents in question. 

It was found by Stark and Cassuto*® that the anode drop in the arc 
increased with increasing temperature. If this is true of the iron oxid 
arc, it may furnish the reason why Hagenbach found the anode drop 
less from oxids. 

The physical and chemical processes attending the progressive reduc- 
tion and vaporization of the oxids may of themselves increase the ioniza- 
tion in the arc and thus lower the potential gradient.‘ 

For these reasons, the following discussion is based on the hypothesis 
that the anode drop, owing to the reduction of the positive base, is some-. 
what higher than it would be if the arc could take place from the more 
oxidized surrounding region. 

§ 15. It follows from the foregoing section that if the positive base 
chances to move slightly, the drop at its advancing edge is less than 
that over the rest of its surface, hence the motion continues along a more 
or less regular path. 

The propelling force may be expressed thus: 


Fi = ki(P — P’), (1) 


where P is the value of the drop at the reduced positive base, P’ that for 
the region immediately surrounding, and k, is a function of the current. 


1 Puys. REV., 35, p. 77, 1912. 

2 Phys. Zeitschr., 14, p. 296, 1913. 

3 Hagenbach, Phys. Zeitschr., 12, p. 1019, IQII. 
4 Stark and Cassuto, Phys. Zeitschr., 5, p. 264, 1904. 
5 Cf. Child, Electric Arcs, New York, 1913, p. 181. 
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After the motion has become established, F; does not necessarily lie in 
the same direction as the velocity. 

Herein lies the most reasonable explanation of the movement of the 
positive base. A similar view has been advanced by Wagner! to account 
for the irregular wandering at the cathode in the aluminum arc. 

After the movement has once begun, the inrush of oxygen into the 
wake of the arc, combining with the reduced iron, may serve as an addi- 
tional component of the propelling force. 

§ 16. The Production of Stable Rotations.—The relations between the 
forces that control the rotations are shown in Fig.5. In this figure O is 
the undisturbed position of the 
positive base, and Q its position 
at any time ¢. Then the move- 
ment of the base will be deter- 
mined by the following forces: 
F, the propelling force, which 
makes an angle @ with the radius 
vector produced; F2 the central 0 / 

is Fig. 5. 
force ($17); and F; a resisting 
force which acts in a direction opposed to the element of path ds. F3 
arises partly from the resistance offered by the surrounding air to the 
motion of the column of vapor, partly from the fact that the advancing 
arc must raise the temperature of the positive base to vaporization. It 
must therefore increase as the velocity increases. 

The equations of motion are as follows: 








dr dé\? dr 

—* () | = Ficosa-h- Bo, (2) 
1d dé rd@ 
~ a.sc ae . - + 

m[>5,(% ar) | = Fisina a (3) 


From the nature of the phenomenon, it is impossible to express a asa 
simple function. Still it is certain that a tends to diminish as the distance 
r = OQ decreases, for near the center the temperature is highest and the 
globule most reduced, hence that edge of the positive base that is farthest 
from the center will possess a lower anode drop than the nearer edge. 
This must tend to direct F; more strongly away from the center when r 
is small. The consequence of this will be to widen out the orbit into a 
circle. Thus if the positive base moves at all, the motion must speedily 
resolve itself into a circular orbit with constant velocity. 

§ 17. In order to investigate the central force F, several series of 
1 Wagner, Der Lichtbogen als Wechselstromerzeuger, Leipzig, 1910, p. 90. 
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observations were made, in which the positive base of the arc was de- 
flected by a magnetic field of known magnitude. Values of field intensity 
between 0.6 and 7 c.g.s. units were employed. The position of the 
negative base of the arc at the carbon cathode remained unchanged, 
the entire arc turning slightly around it as a center when the field was 
applied, keeping its form unaltered. In this way the stability of the 
arc against displacing forces could be studied, both when the rotations 
were present (in free air), and when they were absent (in absence of 
oxygen, see §24). Since nearly the same magnetic deflections were 
obtained in each case, it seems fair to assume that in the rotations the 
positive base is subject to a restoring force, directed toward the center of 
the ring, obeying the same laws, at least qualitatively, as those derived 
from the magnetic experiments. 

It is unnecessary to state the details of these experiments. As a result 
of them I found that for arc currents J between 2 and 4 amperes, and 
length / of arc from 3.5 to 9 mm., the restoring force F2, expressed as a 
force in dynes acting on the positive base when the latter is displaced 
r cm. from its original position, is given approximately by the empirical 
equation 
o Ilr 
~ (0.261 — 0.64) — (0.0321 — 0.096)I ° 





F, (4) 

For currents less than 2 amp., and also, curiously enough, for Type C, 
the value of F, is slightly larger than that derived from eq. (4). This 
equation is, moreover, not accurately applicable to the rotations, since 
in them only a part of the entire length of arc is affected, so that the 
effective value of / is not known. For the present paper it is enough to 
point out that F, varies directly as the radius, and hence as the diameter 
6 of the ring, and that it also increases as the current increases. For 
constant current and length, eq. (4) may be simplified thus: 


F, = kod, (5) 
in which kp is a constant. 

§ 18. In what follows it will be assumed that the motion of the positive 
base has reached a steady state, the orbit being a circle of definite diameter 
and period, and the velocity being constant. The equations of motion 
(2) and (3), § 16, are now reduced to 


dé \? 
— mr (T) = Fi, cosa — fh, 


and 


o= Fisina — F3. 
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In the first of these equations we will put the normal acceleration a in 
place of r(dé/dt)?, and then obtain with the aid of eq. (1), § 15: 


F,- Fy cos @ _ F, — ki(P — P’) cosa 
m a m : 





a= 


(6) 


It has been shown that the retarding force F3 increases with the 
velocity. If we write F; = kjv, we obtain from the second equation 
above: 

~~ F sin a _ ki(P — P’) sina 
~— hs . (7) 


Since F; cos @ is finite, while F, is a central force varying directly as 
the distance, it is clear that the condition for stable circular motion is 
satisfied. 

§ 19. The four types of rotation may now be studied in the light of 
equations (6) and (7). In Fig. 2 were shown the changes in frequency f 
and diameter 6 of the rings with increasing current. From these, the 
curves in the lower part of Fig. 2 have been constructed, showing the 
linear velocity and normal acceleration. The values of v and a were 
derived from the equations 





v= rif 
and 
a = 2n°f6. 
The most striking conclusion to be drawn from the curves is, that the 
changes from ring to ring are due almost entirely to changes in normal 
acceleration. The linear velocity remains remarkably constant through- 
out. 

For Types A, B and D, the observed decrease in a as the current in- 
creases may be ascribed to the increase in the mass m, though it must be 
remembered that Fo, ki and ks also are functions of the current. 

Let us consider the transitions from one type of rotation to the next. 
_On passing from Type A to Type B, a increases and 6 decreases, hence F» 
decreases (eq. 5, § 17), and F; cos a decreases @ fortiori (eq. 6). Since 
at the same time v increases slightly (Fig. 2), it must be that @ increases 
also (eq. 7). Thus in Type B the propelling force would seem to be less 
than in Type A, and to be directed more nearly parallel with the path. 
The decrease in F,; must be due to an increase in P’, the anode drop 
characteristic of the region surrounding the positive base. In other 
words, a modification in the composition of the oxid occurs here. 

Between Types B and C, a decreases and 6 intreases, hence F2 increases, 
as does also F; cos a. Unless the resisting force F; were greatly changed, 
this would be expected to make v increase. Instead, v is diminished, 
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indicating a decrease in the value of a. In Type C, therefore, the pro- 
pelling force F; seems to be very large and to have a pronounced radial 
component. 

§ 20. Type C, while the most conspicuous when it appears, is also the 
most puzzling. It ceases altogether in an atmosphere of illuminating 
gas or of nitrogen, though the other types persist until the reduction of 
the oxid proceeds too far for their continuance. Free oxygen in the gas 
around the arc seems essential to the existence of Type C. Possibly ata 
certain critical temperature there is a sudden inrush of oxygen around the 
base of the arc, lowering the drop in the region close to the positive base 
and thus greatly increasing F; (cf. §24). A further increase in current 
may bring about a more complete reduction of this surrounding region, 
so that the original condition is restored. This will have to remain mere 
conjecture until more is known of the oxids of iron at high temperatures. 
At any rate, the agitated appearance of the arc during Type C is favor- 
able to such an hypothesis. 

A careful examination of the spectrum of the arc before, during and 
after the appearance of Ring C failed to reveal any changes in the promi- 
nent lines of iron, oxygen, carbon, or nitrogen other than a gradual 
brightening as the current increased. 

The cause of the changes in Ring C with increasing current seems to be 
essentially the same as for Ring A. 

§ 21. Type D would appear to be a continuation of Type B if it were 
not for Type C. Indeed, it may be, as suggested above, that Type C 
is interjected in the midst of a single type of rotations to which both B 
and D belong. Type D seems governed by the same laws as Type B. 
The lack of agreement in the values of v in Fig. 2 results chiefly from the: 
difficulty in determining the diameter. The rings are so minute that 
measurements on the photographic film were very difficult. 

§ 22. Lengthening the arc from 3 to 6 mm. causes the frequency of 
Type C to decrease from 5 to Io per cent., that of Type A to decrease at 
a somewhat greater rate. A dependence of the frequency of Types B 
and D upon the length has not been determined. 

The change in frequency follows directly from the observed decrease in 
F, as the length increases (eq. 4, $17). The fact that the dependence 
of frequency upon length is slighter than would be expected from eq. 4 
is added evidence that only a part of the entire length of arc is affected 
by the oscillations. 

Reference has been made (§ 7) to the cessation of the rotations at about 
five amperes. This takes place somewhat abruptly, the diameter of 
Ring D increasing not only up to 3 amp., as shown in Fig. 2, but beyond 
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this: as long as the positive base continues in motion, the amplitude of 
its movement increases, although the form of the ring becomes indis- 
tinguishable between 3 and 4 amp. It may be that the positive base is 
surrounded with a zone of reduced iron which increases in width as the 
current increases. As long as the current is not too large, the positive 
base pushes across this zone on one side, and the movement is maintained. 
But at a certain critical current, in this case about 5 amp., the reduced 
zone attains such a width that the positive base fails to cross it any longer. 
The rotations then immediately cease, except for a few last convulsive 
movements that can generally be observed. 

§ 23. Conditions at the Cathode—When the cathode consists of a 
globule of iron oxid, no rotations are ever observed except when the arc 
is so short that the negative base is influenced directly by the rotations 
at the anode. One would suppose from Wehnelt’s investigations that 
the cathode drop must be lowered at least as much as the anode drop by 
the presence of oxid. It may be, however, that even at small currents 
the cathode temperature is so high that a zone surrounding the negative 
base is reduced to the same degree as the negative base itself. The fact 
that the negative terminal of the iron arc always wastes away much 
faster than the positive is in agreement with this hypothesis. 

There is also a quite different possibility that ought not to be dis- 
regarded, if it is true of iron oxid! as it is known to be true of certain other 
oxids in the molten state, that the substance conducts electrolytically. 
For in this case, as the current passes through the molten negative 
globule, there must be a transfer of oxygen ions to the negative base of 
the arc. The amount of oxygen liberated in this way by purely electro- 
lytic conduction would amount, if two amperes flowed for five minutes, 
to 0.05 gram. Hence if the conduction is to any considerable degree 
electrolytic, there may well be a sufficient supply of oxygen near the 
negative base of the arc, to hold the cathode drop at a minimum value. 
No data are at present available for deciding between these two hy- 
potheses. 

At the anode, on the other hand, the contrary would take place if the 
oxid conducted electrolytically. The positive base would become de- 
pleted of its oxygen, thus increasing the reduction of the iron, and raising 
the anode drop. 


OBSERVATIONS WITH OTHER GASES AND ANODE METALS. 
§ 24. Effect of Reducing the Amount of Oxygen in the Gas Around the 
Arc.—The arc burned in air at atmospheric pressure, but the front of the 
1 Rasch, Phys. Zeitschr., 5, p. 375, 1904. 
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tube was closed by a glass window so that the oxygen gradually became 
exhausted, chiefly by combination with the carbon that served as cathode. 
The following changes took place: 

All four types of rotation came at larger currents than usual. This 
was probably due in part at least to the fact that the globule was cooler 
and less plastic than in free air, and the positive base less concentrated, 
thus requiring a greater current to produce the conditions necessary 
for rotations. As the reduction proceeded, Type C was the first to cease, 
then Type A, while Types B and D seemed to merge together. Then 
for a time only Type D existed, continuing up to a current of about ten 
amperes; and after prolonged burning, the globule was so far reduced 
that no rotations whatever could be detected. A 

These facts all agree with the theory that the rotations are due to 
different oxids, and that Type D represents the oxid of lowest oxygen 
content. 

Opposite effects were produced when a current of oxygen was allowed 
to play gently around the arc in air. The appearance of Type C came 
at a smaller current, for example, than under normal conditions. 

Observations of magnetic deflections (§ 17) in air deficient in oxygen 
showed that the central force F2 is of approximately the same magnitude 
when the oxygen is exhausted and no rotations are present, as in 
normal air. 

§ 25. Observations in Air at Reduced Pressure.—The discharge tube 
was connected to a water aspirator, and observations made at various 
pressures between atmospheric and 420 mm. of mercury. In order to 
keep up the supply of oxygen, a slow current of air was allowed to be 
drawn through the tube, the rate of flow being so regulated as to hold the 
pressure at the desired value. In spite of this, the globule became some- 
what reduced, so that the observed changes were in part due to lack of 
sufficient oxygen. 

The changes observed with Types A, B and D were practically the same 
as at atmospheric pressure with deficient supply of oxygen, and the same 
reasoning is doubtless applicable to this case also. Type C on the other 
hand behaves quite differently. A decrease in pressure is followed 
instantly by a lowering of the pitch. A larger and larger current is re- 
quired to introduce Type C, until at 420 mm. the current is 4.5 amp., 
frequency 385 (the lowest I have recorded), and diameter of ring is 
greatly increased. The normal acceleration is evidently greatly dimin- 
ished at reduced pressure. 

This is the more surprising, since there is evidence from magnetic 
observations at low pressure that the central force F, increases slightly 
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as the pressure is lowered. It must be that the outwardly directed . 


component of the propelling force increases greatly as the pressure 
decreases. 

One would expect that a reduction of the gas pressure would lower the 
temperature of dissociation of the oxids, and thus cause the rotations to 
come at a smaller current. Thus Walden! finds that the dissociation 
temperature of Fe;O, is about thirty degrees lower at 420 mm. than at 
atmospheric pressure. On the other hand, we must remember that at 
low pressure the globule is cooler, the positive base more diffuse, and that 
the positive drop is probably less than at atmospheric pressure.” 

§ 26. Tests with Other Metals.—In conclusion, brief mention may be 
made of attempts to obtain the rotations with anodes of other materials 
than iron oxid. Only those substances were used that form fairly 
regular liquid globules. In most cases the cathode consisted of carbon. 
The anode was either in the form of a rod, or a pellet resting on a carbon 
holder. 

Nickel.—After the anode had become oxidized, the positive base of 
the arc showed much agitation at currents between 2 and 5 amp. No 
ring could be seen, but the rotating mirror revealed irregular periodic 
movements of frequency ranging between 400 and 4,000. Asin the case of 
Type D of the iron arc rotations, the frequency became less as the current 
increased. 

In the neighborhood of 1.4 amp., the arc from a nickel oxide anode 
presents an extraordinary appearance. Two or three arcs seem to spring 
into being, all moving rapidly about, while in the telephone (§ 3) a strange 
medley of musical notes, covering a range of two octaves, is heard. 

Cobalt.—Between 1.4 and 1.75 amp. the positive base is agitated and a 
soft shrill whistle can at times be heard. The rotating mirror shows 
irregular groups of waves of about the same size as those in Type C of 
the iron arc. The anode was always oxidized. 

These facts all point to processes in the nickel and cobalt arcs similar 
to those in the iron arc, though the globule at the anode is evidently too 
little homogeneous, or conditions are otherwise too unfavorable, for the 
formation of steady rotations. 

Copper.—No periodic movement of the positive base could be detected, 
though the arc often moved about irregularly, as is the case with any arc 
at small currents. When the copper oxid anode is in the form of a bead 
resting on a carbon holder, it often falls into a condition like the spheroidal 
state, owing to imperfect thermal contact with the carbon. At such 


1 Walden, Jour. Amer. Chem. Soc., 30, p. 1350, 1908. 
2 Cf. Child, this journal, 19, p. 129, 1904. 
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. times a faint humming note is sometimes heard. Still, there is no eyj- 
dence that at the anode of the copper oxid'arc there are forces of the same 
nature as those in the case of iron. 

Silver.—Though the silver does not oxidize, its behavior on a carbon 
holder is much like that of copper oxid. The positive base moves about 
continually, but its motion is comparatively slow, and there is absolutely 
no sign of such forces as produce the rotations. 

Tin.—A white, fleecy oxid soon forms in air, but the arc prefers to 
burn from the molten metal rather than from this oxid, and there is no 
sign of any unusual movement. 

Mercury.—The carbon cathode became red hot, even with a current 
as low as 0.5 ampere. The positive base seemed quite stationary, the 
arc burning from the metal, not from the oxid that formed; then after 
a few seconds it sprang suddenly to a new position on the surface of the 
mercury, and kept this process up at intervals as long as the arc burned. 
A high-pitched note was often heard. The arc formed a narrow column 
of vapor at right angles to the mercury surface, extending almost to the 
cathode, where it bent abruptly and continued for a short distance almost 
parallel to the surface of the cathode, finally ending at a bright spot on 
the carbon. This is mentioned because, whenever the note was heard, 
the vapor in the neighborhood of the cathode seemed agitated, as if the 
sound proceeded from it rather than from the anode. 

From these experiments it seems clear that forces at the anode of the 
arc, tending to keep the positive base in a circular motion, are possible 
only when the anode consists of certain metallic oxids in a smooth and 
molten state. . 

My thanks are due to Messrs. A. C. Stevens, H. P. Frost and F. H. 
Frame, by whom many of the observations recorded above were obtained. 


SUMMARY. 


The arc in air from an oxidized iron anode exhibits, under normal con- 
ditions, four types of rotation, which are called for convenience Types A, 
B, Cand D. They occur in succession as the current is increased from 
about 1.5 to 2.5 amp., though Type D generally lasts up to about 5 amp. 
The characteristic features of each type, including its frequency, ampli- 
tude, and appearance, are described, and photographic records of the 
movements at the anode, together with the accompanying fluctuations 
in voltage and current, are shown. 

Reasons are given for believing that these rotations owe their existence 
to a difference between the potential drop at the positive base of the arc 
and that characteristic of the surrounding region. At the positive base, 
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the oxid is more reduced and the potential drop is therefore greater; the 
high temperature probably enhances the effect still further. 

In §§ 15 and 16 the conditions for the production of stable rotations 
are discussed, and in § 18 equations of motion of the positive base are 
derived. A comparison of these equations with the observed data 
throws some light on the nature of the forces acting on the arc. A more 
complete discussion of the dynamics of the rotations cannot be carried 
out, owing to the impossibility of securing sufficient data. The very high 
temperature of the arc makes it impossible to determine what oxids are 
at or near the positive base. 

Observations with other metals and in other gases tend in the main to 
confirm the conclusions reached with iron oxid. Oxids of nickel and 
cobalt show some evidence of forces similar to those in the iron arc. 

In conclusion, a word may be said concerning the proposal made at 
the recent conference of the International Union for Coéperation in 
Solar Research, that for the production of reference spectra of wave- 
length less than 4,000, the iron arc with a current of four amperes or less 
be used. As we have seen, at all currents less than five, rotations of 
some one of the four types generally occur when the iron arc burns in 
air. As the discharge passes from one type to the next, one would not 
expect the slight changes in the oxid at the anode to have any effect on 
the spectrum of the iron vapor. The writer, using a grating of medium 
resolving power, could not visually detect any characteristic change in 
the spectrum when the arc passed through Type C. Still, it would seem 
desirable, before adopting as standard the iron arc at small currents, to 
be quite sure on this point. Moreover, the fact that a part of the 
column of vapor is in motion during the rotations makes it somewhat 
difficult to use any restricted portion of the arc as source of light. This 
is especially true when the current lies between 2 and 2.5 amperes (Type 
C). By letting the arc burn in a gas that is sufficiently deficient in 
oxygen, however, the rotations can be entirely eliminated (§ 24). 
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A DIRECT METHOD OF FINDING THE VALUE OF 
MATERIALS AS SOUND ABSORBERS. 


By HAwLeEy O. TAYLOR. 


HE sound-absorbing quality of materials has been recognized for 

some time as having an important bearing upon architectural 

acoustics. In 1873, T. Roger Smith, M.R.I.B.A., a leading British 
architect, wrote:! 

“‘Where there is too much resonance in a room, carpets or curtains 
may be advantageously employed to lessen it; in fact, to absorb the 
injurious excess of sound, and where there is an echo, a curtain judiciously 
hung will have the effect of deadening or stopping the sound before 
reaching the echoing surface. This expedient is well known, and often 
successfully employed; but carpets, as a remedy for excessive resonance, 
have perhaps not been so frequently made use of.” 

Since 1895, extensive investigations have been carried on at Harvard 
University by Professor Wallace C. Sabine? to determine some quanti- 
tative relations between the size, reverberation and sound-absorbing 
power of a room, and he placed his results in the well-known form: 


_ .«A7IV 
a ss 


where a is the absorbing power of a room of volume V, and ¢ is the time of 
decay of the residual sound of an organ pipe whose intensity in terms of 
“minimum audibility”’ had been previously determined. As determined 
by Sabine, a room is most satisfactory for speaking purposes when ¢ 
has a value of about 1.5 seconds, thus the proper amount of absorb- 
ing power, a, is limited. (The above equation does not apply to echoes 
and defects due to the shape of a room.) Since the sound-absorbing 
power of an auditorium is thus limited to a narrow range of values, the 
consideration of absorption is of great importance in auditorium design 
and construction. 

The amount of absorption is equal to the sum of the absorbing powers 
of the different materials composing the bounding surfaces and the 


1T. Roger Smith, ‘‘ Acoustics of Public Buildings,’’ p. 39. 
2 Prof. W. C. Sabine, Am. Arch., Vol. LXVIII., April 7, 21, May 5, 12, 26, June 9, 16, 1900. 
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furniture of the room; the absorbing power of the material is equal to 
the product of its area and the amount of sound absorbed by unit area. 
Sabine rated the amount of sound absorbed by unit area of open window 
as I, then the amount absorbed by a material which reflects a part of it 
is always less than 1. This fraction is the coefficient of absorption of 
sound for a given material. 

Besides the power of materials to absorb sound reflected from their 
surfaces, it is desirable also to know the power of materials to absorb 
sound transmitted through them. The application of this to architecture 
extends beyond the acoustics of a single room and has to do with the 
isolation of one room from sounds produced in another. The interior 
finish of rooms is of no consequence here, but the filling in the partitions 
and in the space under the floors is the important thing. The fraction 
of sound absorbed by unit thickness of a given material may be called 
the coefficient of absorption of the material for transmitted sound, or the 
insulation coefficient of the material for sound. 

To find the coefficient of absorption of a material for sound reflected 
from it the method usually employed is to bring a known amount of the 
material in question into a room and make observations for the time 
of decay of the residual sound, applying the formula above stated. 
This may be called the reverberation method. The purpose of this 
investigation is to devise a direct method of finding the coefficient of 
absorption of materials for sound. Such a method is formulated and 
following is the theoretical basis: 

When a train of progressive waves, P (Fig. 1), of amplitude, , moves 
in the positive direction, say, then all points of the medium in the path of 
the waves move through a distance 2p, as shown by the shaded portion of 
Fig. I. 

If the progressive waves strike an object, S (Fig. 2), and a portion of 
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Fig. 1. Fig. 2. 


each is reflected, these reflected waves, R, of amplitude, 7, will travel in 
the negative direction, and the two trains of waves will meet and combine. 
Some points of the medium will then move through a greater and others 
through a less distance than before, as shown by the shading in Fig. 2. 
The maximum amplitude (where crest meets crest and trough meets 
trough) will be » + 7, and the minimum amplitude (where the crests of 
P meet the troughs of R, and vice versa) will be p — r. 
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A special case of this phenomenon is when the progressive and reflected 
waves have the same amplitude, . The resultant maximum amplitude 
is then 2p, and the minimum amplitude is zero. This is the ordinary 
stationary or standing wave. In order to have no motion at the nodes 
the two waves must be equal in amplitude, which is only the case when 
there is no absorption at the reflecting surface. 

The distance through which the medium moves varies from point to 
point, as represented by the amplitude of the envelope in Fig. 2. - In the 
case of sound waves, this movement is the longitudinal vibration of the 
air particles, the intensity of the sound being greatest where the amplitude 
of vibration is greatest. The coefficient of absorption of sound is a 
function of sound intensity and therefore of the squares of the amplitudes 
of the progressive and reflected waves and of the resultant stationary 
wave (the envelope, Fig. 2). The intensity of sound in the progressive 
wave is (kp)*, and the intensity of sound in the reflected wave is (kr)? 
(where k is a proportionality constant). This gives a coefficient of 
reflection, 


If the maximum intensity of sound (corresponding to the maximum 
amplitude of the envelope, Fig. 2) is called m, and the minimum intensity 
(corresponding to the minimum amplitude of the same envelope) is 
called n, then 


m = (p + 1)’, 
n= (p Pd r)?, 
from: which : . 
m'* +n 
p= —— se 
r= —— 
2 


Substituting these expressions for p and r in that for the coefficient 
of reflection of sound, we have 
a (m* — n})? 
= ak + ail 
The coefficient of absorption of sound, a, is the fraction of sound not 
reflected, or 
(m* — ni)? 4 
~ (mt + 3)? ~ mint + nt/m* + 2° 
To find the coefficient of absorption, a, of a material, means must be 
provided (I.) for isolating a train of sound waves having a single period 





a=I-—-p=I 
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or pitch and a constant amplitude, (II.) for causing this train of waves to 
be reflected upon the surface whose absorption is desired, and (III.) 
for measuring the maximum and minimum intensities, m and n, of the 
resultant stationary wave. 


METHOD OF PROCEDURE. 


I. A tone of uniform intensity was produced by supplying an organ 
pipe with air from a pneumatic tank. This tank consisted of two sheet- 
metal cylinders closed at one end, the smaller of which was about 9 
inches in diameter and 18 inches high and was placed, open end downward, 
into the larger which was half full of water. Air was drawn off by means 
of a faucet on top of the smaller tank and conducted to the organ pipe 
through 14-inch tubing. The pressure of the air was regulated by 
adjusting a stop against which a rod soldered to the valve of the faucet 
would strike when the faucet was open the desired amount. The inner 
tank was weighed down by about 25 pounds of iron, thus making the pres- 
sure uniform for almost the entire air capacity. 

To obtain a simple tone sound was passed through what might be 
called a tone screen which absorbed all the overtones leaving nothing 
but the fundamental. This tone screen is based upon Quincke’s modi- 
fication of Herschel’s interference tubes described by Rayleigh." 

If CD, Fig. 3, is tuned to the pitch of sound waves traveling from A 
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Fig. 3. Fig. 4. 

















to B, and the opening at C is as large as the section of the tube AB, no 
sound will reach B—it is completely absorbed by the tube CD. 

The truth of this was tested by taking a wooden flue, F (Fig. 4), of 
square cross-section 9 centimeters on a side and 115 centimeters long, . 
placing a cap over end, E, through which projected a 14-inch glass tube 
from a sound-measuring instrument, J, and placing the interference 
tube or tone screen at end B. The tube AB was an inch hole bored in a 
block of wood 6 inches thick, and tube CD was a one-inch glass tube, 
the end D being a cork piston which allowed tuning of the tube. When 
the tube CD was removed, sound from the stopped organ pipe, P, passed 
through tube AB into the flue, F, and the measuring instrument indicated 
1 Lord Rayleigh, Theory of Sound, Vol. II., p. 210. 
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a large deflection. When the tube CD was in place and tuned to the 
organ pipe, the deflection of the measuring instrument was zero. (The 
tube CD was tuned to the fundamental of the organ pipe and hence also 
to its retinue of overtones, thus all of the sound of the organ pipe was 
absorbed.) When the tube was placed slightly out of tune with the 
organ pipe, a small deflection was obtained, and the deflection became 
larger as the dissonance was increased. 

To isolate the fundamental tone of the organ pipe in the flue, F, four 
tubes similar to CD, tuned one to each of the first four overtones of the 
organ pipe, were placed around the passage AB. Since any overtones 
above the fourth for the organ pipe used were very weak if present at all, 
this constituted a very efficient tone screen. The tone in the flue was 
found to be simple by finding the sound intensity for each centimeter 
throughout the length of the flue and plotting a curve of intensity against 
distance. The curve was that of a simple tone. 

A tone of uniform intensity having been obtained from an organ pipe, 
and its fundamental isolated in the flue, F, we must now ascertain whether 
or not the amplitude of the wave in the flue is constant throughout the 
length of the flue, as it is in Figs. 1 and 2. To this end, the first requisite 
is a flue of uniform cross-section to prevent the wave-front from spreading 
out and thus diminishing in amplitude. But if the flue lining absorbs 
the wave, the effect will be the same as a widening flue—the wave-front 
will spread out and both the progressive and reflected waves will di- 
minish in amplitude as they advance. 

Any detrimental presence of this lining absorption may be found by 
observing the maximum intensities all along the flue; they should be 
practically equal, otherwise the lining of the flue is absorbing sound. 

Following are some_ readings 
made with a wooden flue and with 
the flue lined with felt (Fig. 5). 

Lining absorption occurs in both 
cases, but a marked diminution 
from B toward E is seen in the case 
of the felt. A smooth, painted 

Fig. 5. wood lining shows practically uni- 
form maxima. 

In connection with flue lining, the table of observations indicates that 
the wave-length shortens as the lining absorption increases. This means 
a decrease in the velocity of sound with increase of absorption. That 
the velocity of sound in pipes is not a function of the properties of the 
gaseous medium only but also of the absorption of the lining of the pipe 
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may be simply shown by placing a strip of carpet along one side of a 
middle C organ pipe and sounding the pipe. Upon sounding without the 
carpet the pitch is seen to rise nearly a semitone. 

To bring out more clearly that sound absorption plays a part in chang- 
ing the velocity of sound in a pipe, and that the phenomenon is not due 
entirely to the elastic properties of the walls of the pipe, the following 
experiments were made: 

One side of an organ pipe was replaced by a removable trough, AB 
(Fig. 6), stopped at the ends and about an inch deep. The pipe was 
sounded with this trough in place and the tone identified by means of a 
cylindrical resonator held to the ear. Between the trough and pipe were 
placed successively a smooth sheet 
of cardboard and a heavy fibrous 
sheet like blotting paper, and the 
resulting pitches of the pipe were 
identified; then the trough was filled with hair felt covered successively 
with the materials above mentioned, and the resulting pitches of the pipe 
identified; the trough was then filled with a block of wood and the pitch 
of the pipe identified. The result is given in the following table (Fig. 7). 
(The order designated by the crosses from the top downward gives the 
order that the materials were used with the pipe from the inside outward.) 

When the felt, which is high in 
sound-absorbing quality and low in 
elasticity, is used alone, no tone 
could be produced. The absorbing 
power of the wall of the pipe de- 
creases as we progress toward the 

Fig. 7. right in the table, but it is seen that 

the elasticity of the surface exposed to 

the sound waves, and that of the under layers, has no regular change as 

we pass through this series. Take the tone mi3, for instance: the elasticity 

of the wall consisting of fiber on wood is not the same as that of fiber on 

card over empty trough, and that of the latter is not the same as that of 

fiber on card on felt. For all of these combinations, however, the tone 
(and hence the velocity of sound) is the same. 

An obvious relation between the elasticity and the sound-absorbing 
quality of a material is that, in general, as the former increases the 
latter decreases, but these phenomena lead to the conclusion that, while 
elasticity in the walls of a pipe may have some influence, direct or in- 
direct, upon the velocity of sound in the air column, the velocity certainly 
decreases with increase of the sound-absorbing power of the walls of the 
pipe. 
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The influence on the velocity of sound in pipes due to a change in radius, 
elasticity and strength of wall, as well as the effect of compressibility 
and the temperature of the vibrating gas column, has been observed 
by Helmholtz, Kundt, Stokes, Schneebeli, Seebeck, Kirchhoff, Rayleigh, 
Korteweg, Dérsing, and others.!. Korteweg’s formula? for the velocity 
of sound in pipes, 





cacy t+ - ry Be)’ 


where c and c’ are the velocities in free air and in a pipe, respectively, 
C is the compressibility of the fluid, E is the modulus of elasticity of the 
material of the walls of the pipe, and e is d/r, where d is the strength of the 
wall and r the radius of the pipe, gives a relation for the velocity of sound 
in the pipe to the radius. 

This relation is shown by the following curve (Fig. 8), taking C equal 
to 10 X 10’, E equal to 10 X 10” and d equal to 2.5. 

Except for tubes of very small diam- 
eter, this formula gives a decrease 
in velocity for an increase of radius. 
An increase in the radius of an organ 

—— pipe causes a lowering in the pitch 

Fig. 8. of the pipe; also, from the experiment 

given above, an increase in the sound- 

absorbing power of the walls of a pipe causes a lowering of the pitch of 

the pipe, therefore, increasing the absorbing power of the pipe acts in 
the same way as increasing the radius of the pipe. 

T. Boehm, in his book, ‘‘The Flute and Flute Playing’ (translated 
by D. C. Miller), speaks* of the ‘flattening influence of the cork, mouth 
hole and tone holes.”’ This flattening is undoubtedly an effect of the 
sound-absorbing power of the holes, or of that which covers them in 
playing. 

II. If the flue, F (Fig. 4), were infinitely long, there would then be 
present in it a train of progressive sine waves, as shown in Fig.1. Every- 
where in the flue the sound would have the same intensity; there would 
be no reflected wave and, in the formula, m and n would be equal and a 
would be unity. Thus all sound is absorbed by an infinitely long flue. 

If a surface (S, Fig. 2) be placed at the end, E, of the flue, F (Fig. 4), 
which reflects part of the sound, then the intensity throughout the flue 








1 Auerbach, Handbuch der Physik, Akustik, 1909, A. Winkelmann, pp. 539, 554; Theory 
of Sound, Rayleigh, Vol. II., pp. 29, 59, 317, 326. 

2 Auerbach, Handbuch der Physik, Winkelmann, p. 539. 
3T. Boehm, “The Flute and Flute Playing,’’ p. 18. 
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would no longer be uniform but would consist of maximum and minimum 
regions, as shown in Fig.2. If the intensities, m and n, can be measured, 
then the coefficient of absorption, a, may be computed by means of the 
formula. 

In using the flue in this way, the end where the absorbing material is 
placed must be closed air-tight with a cap in order not to have any “open 
end pipe”’ effect on the wave in the flue. If absorbing material has the 
inherent property of affecting sound waves as if the end of the flue were 
partially open (thus sending back waves with phase shifted one half 
wave-length), this interference would constitute absorption to the extent 
that it existed, and the material would behave to sound in this way 
wherever it was—whether it was stopping the end of a flue or decorating 
the wall of a room. 

Any other ‘‘open end pipe”’ effect of the flue must be stopped. If the 
flue is a metallic cylinder, 4 or 5 inches in diameter, all crevices at the end, 
E (Fig. 9), may be done away with by means of the construction shown— 
a shrunk-on collar, s, over the finished surface of which the metallic cap, 
c, slides on and off. The absorbing material, S, is placed at the end of 
the flue, backed by any material, G, such as wood, that it is desired to use. 
































Fig. 10. 


The flue used in the experimental work was made of wood of the dimen- 
sions already given. Its end, E (Fig. 10), was provided with a wooden 
cap, c, which served to hold the material, S, snugly against the flue and 
to close the end as nearly air-tight as possible. 

III. In the search for means for measuring the intensity of sound 
tests were made of everything of any promise, and telephone receivers 
and transmitters,! strong and weak field galvanometers, molybdenite 
and silicon rectifiers, barretters? and microradiometers’ all figured. The 
Rayleigh disc* was finally adopted as the most reliable and sensitive 
sound measuring instrument. 


1 Prof. G. W. Pierce, Proc. Am. Acad., Vol. XLIII., 13, p. 377, 1908. 

2 Prof. A. E. Kennelly, Trans. Internat. Elect. Cong. St. Louis, 1904, Vol. III., pp. 415-437, 
1905; Bela Gati, Engr., 105, p. 24, Jan. 3, 1908. 

* Prof. F. R. Watson, Puys. REv., 28, p. 385, 1909. 

4 Lord Rayleigh, Phil. Mag., Vol. XIV., p. 186, 1882. 
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The disc used was made of mica, I cm. in radius, suspended on a 
quartz fiber about 10 cm. long, a small mirror being fixed to the top of 
it like the mirror of a D’Arsonval galvanometer, but when the disc was 
turned through an angle of 45°, the mirror faced the front. It hung in 
a little wooden box with a glass front and two one-inch glass tubes led 
into opposite sides of the box so that, virtually, the disc was suspended 
near the center of a one-inch glass tube. This tube was stopped at both 
ends with corks, and was of such a length as to be in resonance with the 
sound employed. A one-half-inch glass tube about three feet long (the 
length adjusted to resonance with the pitch employed) pierced one of 
the corks and served to deliver the sound energy to the disc. A sound 
at the end of the long tube causes the air in the tube to vibrate, and an 
antinode, or region of greatest velocity of air particles, is formed where 
the disc hangs. As is well known, the disc tends to set itself at right 
angles to the direction of motion of the air stream, and turns through 
an angle which is a measure of the intensity of the sound at the end of 
the long tube. 

The equation of the torque acting upon the suspended disc, as worked 
out by W. K@Gnig,! is 

M = 4/3pr'v? sin 20, 

where M is the moment of the couple due to the stream of density p, flow- 
ing with a velocity v, and r is the radius of. the disc whose normal makes 
an angle 6 with the direction of the undisturbed stream. In the case of 
the sound vibrations the velocity v would be alternating and the air 
particles would move with simple harmonic motion, thus the energy due 
to the vibrations would be proportional to the mean square velocity. 
W. Zernov has shown? that K6nig’s equation holds for sound vibrations 
in free air, the v? being proportional to the intensity of the sound and 
equal to the mean square velocity of the air particles. 

For use in measuring sound intensity, the Rayleigh disc is suspended 
in a resonance tube. It has been shown by Stewart and Stiles* that the 
intensity of sound in a resonance tube is proportional to the intensity of 
the exciting sound in the free air at the mouth of the tube. The following 
simple experiment also brings out this fact: A disc was hung near the 
mouth of a tube and a source of sound (an organ pipe) placed near the 
end of the tube (Fig. 11). A stop at d made the tube a resonator for 
the sound and deflections were made for several different distances of 
the organ pipe from the tube. The stop was then moved to d’ thus 

1W. Konig, Wied. Ann., XLIII., p. 51, 1891. 


2 W. Zernov, Ann. der Phys., XXVI., p. 79, 1908. 
3 Stewart and Stiles, PHys. REv., April, 1913, p. 309. 
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throwing the tube out of resonance. The sound vibrations which affected 
the disc were then not due to resonance but were of the character of 
reverberation in a room and the disc 
responded as in free air. Deflec- 
tions were again taken for the same 








distances of the organ pipe from the —— i: 0. 
° . ad’ 
end of the tube. Following is the Tl 
result —showing the same law to Ks 
, hold in both cases: Fig. 11. 
Case of Reverberation: 
Organ Pipe Distance. Deflection. 
1 cm. 20.1 
2 cm. 10.2 
3 cm. 6.0 


Case of Resonance: 


Organ Pipe Distance. Deflection. 
1 cm. 36.0 
2 cm. 18.4 
3 cm. 10.8 





The similarity in the behavior of the disc in the two cases is clearly 
shown by the similarity in the shape of the curves (Fig. 12). 

Thus the intensity of sound in a re- 
sonance tube is proportional to the in- 
tensity of the sound in free air at the 
mouth of the tube, and the deflections 
of a disc in a resonance tube are a meas- 
ure of the intensity of the sound at the 
mouth of the tube. 

Dist With K@6nig’s equation as a basis, the 
Fig. 12. calibration of the disc for sound intensity 
may be worked out as follows: 

When responding to sound, the disc turns through an angle which 
we will represent by ¢. Since the apparatus was so constructed that 
6 = 45° when there is no sound, then ¢ = 45° — 6, and 2¢ = go° — 20. 
When the return torque of the suspending fiber is balanced by the 
couple acting on the disc due to sound vibrations, then 


es Lo = M = kv’ sin 28, 


where L is the moment of torsion of the suspending fiber, and k ='4/3pr'. 
(p, the density of the air, is a constant at an antinode of sound vibration.) 





cos 2¢ = cos (90° — 26) = sin 26, 
therefore 


Lo = kv* cos 2g = gi cos 2¢, 
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where 7 (the intensity of the sound) is proportional to v*, g being equal to 
k times the proportionality factor. 





Then 
. [Le _ bag 
+ qcos 26 cos 2¢’ 
where 
pat. | 
2q \ 


Since the deflection, 5, on the scale is equal to s -tan 2¢, where s is the 
distance of the mirror from the scale, then 2¢ = tan- 6/s, and 
_ b-tan“d6/s _ 6+ tan 4/s 
* = cos (tan— 6/s)_s/(@ + s?)3 
_ 6(@ + s*)* tan“ 6/s 
s 





= h(& + s?)! tan— 6/s, 





where h = b/s. 

For small deflections, 5? may be neglected in comparison with s?, and 
the angle and its tangent may be considered equal, then the intensity of 
sound is proportional to the deflection of the disc, or 


4 = ké. 
The error involved in using this approximate formula may be brought 


out by the following example: 
Let the distance from mirror to scale, s, be 100 cm. and two deflections 


be 6; = 40 cm. and 4: = 0.87 cm. 
Using the exact formula for computing relative sound intensity: 
% _h- 107.71 -21.87/180 _ 
iz h-100.004-:7/360 oe. 





Using the approximate formula involves merely a comparison of the 
deflections: 


a 40 

> =-—— = 45.84. 

i, .87 45-04 
46.96 — 45.84 





Thus the percentage error is X 100 or 2.2 per cent.— 


46.96 
the approximate formula giving the smaller value for the louder sound. 
The error involved in using the approximate formula for the computa- 
tion of the coefficient of absorption, a, may be shown by using these 
results in the formula for a already derived: 
For the correct ratio of sound intensities, m = 46.96, and m = 1; then 


0 = mijn} + ni/m' +2 6.8527 + 0.1459 +2. 8.9986. "4445: 
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For the approximate ratio of sound intensities, m = 45.84, and m = 1; 

then 

” 4 il 
6.7702 + 0.1447 +2 8.9179 





= 0.4485. 


a 


The percentage error for the coefficient of absorption is 


0.4485 — 0.4445 
0.4445 





X 100 = 0.9 per cent. 


As the ratio of sound intensities approaches unity, the percentage error 
decreases, therefore, for the computation of the coefficient of absorption, 
the approximate formula for relative sound intensity is close enough for 
material of high absorbing power but should not be used when the ab- 
sorbing power is less than 0.20. 

In agreement with the above calibration of the disc deduced from theo- 
retical considerations, the result of the following experiment may be 
cited. 

The disc was suspended in a resonance tube an inch in diameter and 
34-wave-length (about 30 cm.) long, closed at both ends except for four 
small glass tubes of one-eighth-inch bore lying across one end, each tube 
pierced with a little hole which opened into the resonance tube (Fig. 13). 
The tubes were mounted in a wooden cap which fitted nicely over the 
end of the resonance tube, and the whole ar- 
rangement constituted an adaptation of 
Quincke’s interference tube. A sound passing 
through one or all of the four little tubes 
would be swallowed up by the resonance tube, 
if its pitch is that to which the latter is tuned. 
One end of each of these four tubes was fitted 
into the wooden cap closing end, £, of the Fig. 13. 

’ wooden flue already described which served . 

as a horn to catch the sound from an organ pipe placed at the end, B, 
and four little wooden rods were made of such a size as to slip into the 
glass tubes and stop all sound from coming into them. 

With one rod removed, the organ pipe was sounded and a deflection of 
the disc was noted. The resonance tube in which the disc hung had 
absorbed all of the sound which was passing through one little tube, and 
the disc felt the impulse of the sound vibration. The same was done 
with two tubes open, then three and then all four. The following is a 
sample of the deflections received: 





























282 HAWLEY O. TAYLOR. SECOND 


SERIEs, 
a 
Number of Tubes. Deflection. 
1 12 
2 46 
3 .98 
4 * 1.96 


The deflections are seen to run about in the following proportion: 
I:4:9:16. Variations may be due to slight differences of bore in the 
tubes. The sound in the first tube produced a certain amplitude in the 
resonance tube; the sound in two tubes gave twice as great an impulse 
or produced twice the amplitude in the resonance tube, etc. All of the 
sound delivered to the resonance tube was very weak and could produce 
no great crowding of air particles, and so the amplitudes were able easily 
to be superimposed one upon another without loss of motion, and since 
the intensity of sound varies as the square of the amplitude, it would 
vary, also, in this case, as the square of the number of tubes delivering 
sound to the resonance tube. The resulting deflections very nicely 
confirm this, and since the deflections were all small they would come 
within the approximation made above which gave the final calibra- 
tion formula, 1 = kd, deduced from K@6nig’s law of the Rayleigh disc. 
Thus, for the Rayleigh disc, it is theoretically and experimentally estab- 
lished that, for small deflections, the intensity of sound varies as the 
deflection; for large deflections, the intensity may be computed from the 
more extended formula, 


i = h(& + s*)' tan— 6/s. 


The calibration of the Rayleigh disc provides the necessary means for 
measuring the ratio of the maximum and minimum sound intensities in 
the sound flue (Fig. 4) and makes possible the calculation of the coefficient 
of absorption of sound by the use of the formula: 


= + 
* m/nt + nt/mi + 2° 





When the Rayleigh disc is used to measure sound intensity the range 
of pitch is limited by the fact that the disc must lie in an antinode, and 
density variation of the air must be absent. For very short waves the 
disc would swing out of the region of constant density and thus complicate 
the calculation of sound intensity. For very high pitches, therefore, 
very small discs must be used. For a disc one millimeter in diameter 
there would be no great error when used with a wave two centimeters 
long, which would correspond to a frequency of about 16,500 vibrations 
per second, or a pitch of about Cy—six octaves above middle C (C;— 
256 vibs./sec.). An octave and a half above this would take us to the 
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upper limit of audibility, showing that the apparatus is applicable to 
any probable range of pitch. 

The different parts of the apparatus used for making observations for 
sound absorption have already been described. The parts were as- 
sembled as shown in Fig. 14. The flue, F, moved along a graduated 



































Fig. 14. 


track, JT. The one-half-inch glass tube, JG, from the suspended disc 
passed through the tone screen at B and projected into the flue. The 
intensity of sound at the end, G, of this tube causes the air in the tube 
to vibrate and this in turn produces a deflection of the disc. 

In taking observations, the flue, F, with the organ pipe, P, attached to 
it was moved along the track, T, in steps one centimeter long. Observa- 
tions for intensity were made at each step, and at the region of maximum 
and minimum intensities for shorter steps, and thus the maximum and 
minimum intensities, m and m of the formula, were found. Applying 
these values in the formula, the coefficient of absorption of sound for 
the material, S, closing the end, E, of the flue, F, was calculated as al- 
ready shown by an example. 

Following is the coefficient of absorption of a few materials computed 
by using the approximate formula: 




















Material. m n « 
NE 0s i de eae satunnemeemaute 6.55 .04 26 
it ccccawdvawseuensnsecads 7.30 .03 .23 
Raber Tent (1-ss GENCE)... wv ccc ccccscwese 24.70 78 51 
Ceilinite (4-inch thick)... ..........cccc00. 57.50 .22 .25 
Asbestos roll fire felt (2-inch thick).......... 54.50 .30 .26 
Compressed cork (14-inch thick)............ 27.00 25 .32 











The last four materials were kindly furnished by the Johns-Manville 
Co. of New York. The values of the absorbing power given here for the 
first three materials check fairly well with values obtained by the re- 
verberation method. 

The absorbing power of material is increased by increasing the space 
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between it and the wall behind it. This may be explained by considering 
sound absorption as a retardation of the motion of the vibrating air 
particles; hence, by placing the absorbing material out a little from the 
wall (where the air is at rest) it becomes more effective in retarding motion 
and thus more efficient as a sound absorber. Following are the coeffi- 
cients for compressed cork taken for several different distances between 


it and the board behind it: 
Compressed Cork. 




















Distance from Board. m n « 
2 mm. 25.00 ae 34 

5 mm. ; 25.50 .34 .38 

10 mm. 18.30 46 47 

20 mm. 13.70 74 61 








The relation is also shown by the curve (Fig. 15): 

An important application of the flue to auditorium acoustics is the 
following: Sabine has found! that the reverberation of a room varies for 
different parts of the musical scale. To correct the acoustics of a room, 
therefore, absorbing material must be so applied as to make the rever- 
beration for each tone normal. Since the absorbing power of a material 
varies with its distance from the wall, and 
this distance varies for the maximum ab- 
sorption of each tone, it is possible to so 
graduate the distance of the material from 
the wall as to make the reverberation of 
the room for each tone of the entire mus- 
ical scale normal. The flue makes the de- 
termination of the absorbing power of materials for variation of tone 
and distance from wall a simple matter. 

The flue method of finding the value of a material as a sound absorber 
eliminates the effect of the interference system of a room on the absorbing 
power of the material. As shown by Sabine! a material of high absorbing 
power placed in a room where, due to interference, the intensity of sound, 
or sound pressure, is very small would have little effect on the sound in 
the room, but if placed in a region of large relative sound pressure it 
would diminish the sound perceptibly. 

If the absorbing power of this material were obtained by the rever- 
beration method in this room in the first position mentioned, it would be 
found to be relatively small, and in the second position, relatively large. 
If one of these is the correct absorbing power, the other is not, and the 
probability is that neither is correct. 

1 Prof. W. C. Sabine, Arch. Quar. of Harvard Univ., March, 1912, p. 20. 





Fig. 15. 
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Conversely, if the correct absorption of a material is found by means 
of the flue, and this material is used to reduce the reverberation of an 
auditorium, its value will depend somewhat upon its position in the room. 
Thus the true power of absorption of a material will be useful in connec- 
tion with auditorium acoustics only when used with due precaution— 
and then it is of much value. It is useful also as an index to give the 
material a rating with relation to other sound absorbing materials. 

The power of materials to absorb sound transmitted through them was 
found as follows: 

The wooden flue already described (Fig. 4) was stopped at end, E, 
by a board one-half-inch thick, through the center of which passed a 
one-half-inch glass tube from the Ray- 
leigh disc, J (Fig. 16). The tone 
screen was removed from end B of 
the flue, and a closely fitting tin box 
slipped into the end. The two oppo- 
site ends of this box, through which Fig. 16. 
the sound must pass to enter the flue, 
were made of cheese cloth and their distance apart was adjustable. 

With this box in the end of the flue, F, and an organ pipe, P, placed 
immediately behind it, the first reading was made giving the intensity of 
the sound in the flue when end, B, was not closed with the material whose 
absorption was wanted. Then the cheese cloth ends of the tin box were 
adjusted for several different distances apart and for each one the box 
was filled with absorbing material and slipped into the end of the flue for 
a reading. Following are the readings made for water glass crystals 
loosely shaken down but not packed, the organ pipe sounding the note si 
(240 vibs./sec.): 


























Thickness. Defiection. Peastion of Gound 
—_ “ Transmitted. Absorbed. 
0 44.20 1.000 0.000 
2 24.90 .564 436 
4 15.50 .352 .648 
6 11.50 .260 .740 
10 5.50 .124 876 
16 1.10 .025 | .975 
20 RS .012 .988 














The intensity of sound varies as the deflection, i = kd. If J represents 
the sound intensity transmitted through zero thickness of the material, 
and 7 the intensity transmitted through thickness, ¢, then i/J is the frac- 
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tion of sound transmitted through thickness, ¢, and 1 — 2/IJ is the fraction 
absorbed by thickness, ¢. The following equation gives the relation, 
when ¢ is small: 

4/I = (1 — B)', 
where 8 is the fraction of sound absorbed by wnit thickness (1 cm.) of 
the material. This fraction is the insulation coefficient for sound for the 


material. 
The insulation coefficient for three materials follows: 


Material. B 
PD DS oi ki crea wchnwseanbiesaesseganewies 211 
pce aad io fo shila, ARG ia EE Sok we ee a ee .226 
Compressed Cork (1-inch thick)..................0 0000. .500 


The curve between observed thickness and sound transmitted shows 
the experimental relation (Fig. 17): 
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Fig. 17. Fig. 18. 


The curve between the logarithm of the fraction of sound transmitted 
and the logarithm of thickness shows that the logarithmic relation holds 
only when ¢ is small, and that a distinct change occurs in the law of ab- 
sorption in a certain region (Fig. 18): 

The absorbing lining at the end, E (Fig. 16), of the flue makes internal 
reflection in the flue impossible. When sound strikes the outer surface 
of the material at the end, B, it is, in general, partially reflected, thus the 
amplitude of the wave which actually enters the material is not that of 
the incident wave. The coefficients given above express the relation 
between the incident and transmitted sound. Architecturally, this 
coefficient would probably be more useful than the coefficient based 
upon the sound which actually enters the material, since it is the intensity 
present in a room and incident upon a wall that one hears, and the wall 
is constructed to isolate this sound from adjoining rooms. Thus this 
is properly the insulation coefficient of a material for sound. 

The intensity of sound which actually enters a material may be 
obtained by finding the coefficient of reflection, p, of the material when 
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it is in place at the end, B, of the flue, F, and taking the product of this 
and the first deflection, 59, in the above table; 6) is proportional to 
the incident sound, therefore pdéo is proportional to the reflected sound, 
and 65) — pd» is proportional to the intensity of the sound entering the 
material. Simplifying, we have 6(1 — p) = doa, since I — p= a; 
therefore the intensity of the sound actually entering the material is 
proportional to the product of the deflection when no material covers 
the end, B, of the flue and the coefficient of absorption of the material 
when it is in place at the end of the flue with a column of air behind it. 
The fraction of sound transmitted when da is used as a basis may prop- 
erly be called the transmission coefficient of the material for sound, and 
it may be computed by using doa in place of 49 in the computations for 
(1 — 8). 

Reflection from the outer surface of the material at the end, B, of the 
flue may be prevented by a covering of acoustically black material— 
loose felt. The sound transmitted by this covering may be found by 
making observations with it alone, and doa thus obtained experimentally. 

The methods for finding the absorption of sound as outlined above may 
be applied in a number of ways; following is a partial list of suggestions: 

(a) Determining the relation between the absorbing power of a ma- 
terial and its distance from the wall behind it. 

(b) Determining the relation between the absorbing power of a ma- 
terial and pitch of sound. 

(c) Determining the relation between the absorbing power of a ma- 
terial for transmitted sound and the thickness of the material. 

(d) Determining the relation between the absorbing power of a material 
for transmitted sound and pitch of sound. 

(e) Determining the relation between the absorbing power of a ma- 
terial and its composition or texture for a range of different pitches of 
sound. 

(f) Determining the relation between the sound absorbing quality 
and elasticity of a material. 

(g) Determining the absorbing power of materials by means of the 
effect of absorption upon the pitch of an organ pipe. 

The Rayleigh disc may be used: 

(h) For the detection of the presence of overtones in a sound by sus- 
pending it in a tube tuned to the pitch of the overtone. 

(i) To bring psychological observations of ear accommodation up to 
a greater degree of completeness and accuracy. 


PHYSICAL LABORATORY, 
CORNELL UNIVERSITY, 
May 26, 1913. 














CHARLES SHEARD AND D. A. WOODBURY. 


ON TEMPERATURE AND SURFACE CONDITIONS WHICH 
AFFECT THE POSITIVE IONIZATION FROM HEATED 
PLATINUM. 


By CHARLES SHEARD AND D. A. WOODBURY. 


WO general views as to the nature of the positive ions from heated 
metals and metallic salts have been advanced in recent years. 
Richardson and Hulbirt! came to the conclusion that the positive ions 
from heated metals have an average value of m/H of 25.7. Some later 
determinations with platinum made by Richardson? gave an average 
value of m/H of 32.5. Professor Richardson has advanced the theory that 
the positive thermions are in large part charged atoms of sodium or 
potassium which are present as impurities in the form of salts. J. J. 
Thomson,? Horton,‘ Garrett,> W. Wilson® and Klemensiewicz’ hold in 
general to the view that the carriers of the positive electricity from 
hot metals are for the most part molecules of gas absorbed by the 
metal. Recently another paper on this subject has appeared in which 
the writer, Dr. Horton,® is of the opinion “that the ionization from 
platinum (and from metals generally) is largely due to the emission of 
absorbed gases on heating.’*® A considerable portion of the proof in 
support of his conclusions rests upon the observed increase in the ioniza- 
tion effects after heating the wire, or salted anode, in a Bunsen flame. 
The writers of this article will present the results of some experiments 
showing (1) that there are at least two sources of ionization present as 
impurities in platinum and that one of these becomes more operative 
and the other less so with continued heating due to the greater ease with 
which one of the sources is driven off by heating, and (2) that a wire, 
which has been so treated as to have become non-efficient in its emissive 


1 Phil. Mag., p. 557, 1910. 

2 Phil. Mag., p. 989, I910. 

3 Camb. Phil. Soc., Vol. XV., p. 64. 

4 Proc. Roy. Soc., Vol. 84, p. 433, 1910; Camb. Phil. Soc. Proc., Vol. XVI., pp. 89 and 318, 
IQIt. 

5 Phil. Mag., Vol. 20, p. 582, 1910. 

6 Phil. Mag., Vol. 21, p. 634, I9rtI. 

7 Ann. der Phys., Vol. 36, p. 796, IgIr. 

8 Proc. Roy. Soc., Vol. 88, p. 117, 1913. 
9 Ei Cin He E9D- 
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power, may be revivified so as to give greatly increased thermionic cur- 
rents when its surface is cleaned. 

The experiments to be described were made in dry air at atmospheric 
pressure. There are several reasons to be advanced in favor of this pro- 
cedure rather than to carry on such experiments in a good vacuum. (1) 
The reproducibility of conditions when the apparatus has been opened, 
the wire treated, re-inserted and its ionization currents again investi- 
gated. Richardson and Sheard! found that the linear current-E.M.F. 
relation which holds initially for the positive currents from platinum 
(heated at temperatures such that no negative ions were present) at low 
pressures ultimately disappeared, giving place to saturation current 
conditions. The large additional currents were restored by allowing the 
apparatus to stand with air at atmospheric pressure in it. In the light 
of these experiments some of the results which have been published rela- 
tive to the restoration of emissive power when a wire has been heated 
in a gas may be questioned, for the increased currents obtained after re- 
pumping may be due in part to this cause. (2) The elimination of effects 
due to contamination of the wire with mercury or phosphorous vapor; 
the first mentioned effect has been discussed recently by Horton.? (3) 
The ionization phenomena are of the same general nature whether per- 
formed at atmospheric pressure or in a vacuum as shown by H. A. Wilson,* 
O. W. Richardson‘ and W. Wilson.’ The bulk of experimentation in this 
field has been carried out at pressures ranging from a small fraction of a 
millimeter to twenty or thirty millimeters. It is reasonable to assume, 
if the presence of a gas about the heated wire is an important factor in 
ionization effects, that the pressure of the gas will not affect the phe- 
nomena qualitatively but rather quantitatively. 


APPARATUS AND METHOD OF EXPERIMENTATION. 


The main chamber used in these investigations is sketched in the ac- 
companying diagram, Fig. 1. A cylinder of brass, A, 11.5 cm. long and 
6 cm. diameter, was closed at the ends with quarter-inch brass plates. 
Through the lower plate, B, two well insulated, heavy brass leads were 
passed. The platinum wire, C, 0.01 cm. diameter and about 3 cm. in 
length, was fastened tautly across the.ends of the brass leads. The 
receiving electrode, D, consisted of a hollow cylinder of brass, 4 X I cm., 
attached to a micrometer screw passing through a threaded bushing of 


1 Puys. REv., Series I., Vol. XXXIV., p. 391, 1912. 
2 L.¢., pp. 121 and 133. 

3 Phil. Trans., A, Vol. 197, p. 415, I9OI. 

4 Phil. Trans., A, Vol. 207, 1908. 

5 TL. c., under (6). 
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brass properly insulated from the remainder of the upper plate, E, by 
means of glass and sealing wax. The distance between the two elec- 
trodes could thus be,changed at will; in the experiments to be described 
it was kept at 4mm. The detecting electrode was kept cool by drawing 
air through a system of tubes, NN, passing inside the micrometer arrange- 
ment and attached at opposite sides of a brass partition within the 
electrode proper. With this form of apparatus it was possible to com- 
pletely shield the insulation from the thermionic emission and also to 
avoid uncertainty as to the correct current values due to heating the 
receiving electrode. Such effects have been noted and investigated 
somewhat by Richardson.! 

- Some preliminary experiments showed that the 
Hl ttcroneer length of wire made luminous increased consider- 
if . ably as the heating currents were augmented. The 
i thermionic currents would in consequence be en- 
hanced above true values as the temperatures in- 
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M J creased. In order to avoid this source of error a 
e . plate, H, with a circular hole 1 cm. in diameter 
y was placed 1.5 mm. from the platinum wire, the 

' center of the opening in the plate being directly 
, § above the middle point of the wire. The plate H 











was fastened to metallic supports terminating in 
Fig. 1. the plate B. This was earthed together with cylin- 
der A and plate E. 

Dry air or other gas was drawn into the main apparatus through 
calcium chloride towers connected at M, the needed suction being supplied 
by a water pump operating through P. Stopcocks were inserted in 
M and P; the plates B and E were sealed in with soft wax, the whole 
chamber being made air-tight. Ionization effects due to the presence of 
water vapor? were thus guarded against. 

The platinum wire was heated electrically. The resistance of the 
wire was determined by the voltmeter-ammeter method. Two platinum 
leads (not shown in Fig. 1) were attached to the wire about I cm. from 
each end; the potential differences were read on an instrument graduated 
to 0.02 volt per division. It was possible to read the heating current 
to one one-thousandth of an ampere; constancy of current at any desired 
value was secured by a low-valued sliding resistance control. A linear 
relation existed between the calculated resistances and the currents; 
the projection of this line until it intercepted the resistance axis at the 


1 Phil. Trans., Vol. 207, p. 19. 
2 See W. Wilson, Phil. Mag., Vol. 21, 1911. 
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zero point gave a ready means of determining the absolute temperatures, 
the resistance at room temperature being that for which the value of 
the current was practically zero. 

The thermionic currents were measured by a quadrant electrometer. 
Throughout this paper, unless specified to the contrary, one division 
per second represents 3.7 X 10°“ amperes. The wire was charged to any 
desired potential, while the receiving electrode was connected to one of 
the quadrants of the electrometer, the other being earthed. A sub- 
divided microfarad condenser connected in parallel with the insulated 
quadrants was used for measuring currents beyond the range of the 
electrometer. Keys, electrometer, condenser and lead wires were properly 
screened in the usual manner. 

The wire, before insertion in the apparatus, was cleaned in boiling 
dilute nitric acid and then washed in distilled water. 

When the thermionic current had been reduced to the steady leak 
condition observations were made upon the relation between the current 
and the applied electromotive force. Saturation currents were obtained 
under an applied potential of 150-200 volts, the latter being used. 


THE THERMIONIC EMISSION AS A FUNCTION OF THE TEMPERATURE. 


Numerous experiments have shown the general applicability of Rich- 

ardson’s formula, 
i = Aoie®, 

to express the relation between the saturation thermionic currents and 
the absolute temperatures of the wire, provided the chemical nature of 
the source of ionization is unaffected by the temperature changes. This 
formula may be most conveniently used by testing the linearity of the 
relation obtained by plotting Logi I — 4 Logyw 6 against 1/6. The 
curves given in Fig. 2 were plotted in this manner.! In Curve J the 
current readings were made in the following way: the heating current 
was adjusted to the desired value and, when constant, +200 volts was 
applied to the wire and the ionization current measured. The potentia] 
and the heating current were then cut off, the control resistance changed 
and the above procedure repeated. It was thus possible to obtain the 
maximum ionization current at any given temperature, previous experi- 
ence having shown that there is no “‘fatigue”’ effect due to temperature 
alone. The values of the currents used in Curve J are given in Table I., 
column 2. A discontinuity is indicated at the points EZ, D;. Repetition 
with a new wire gave a similar effect at about the same temperature (710- 


1 The current values used in the plot are the number of divisions per second multiplied by 
100. 
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730° C.). The accuracy of EE,, shifted as it is from the line D,B, is to 
be questioned, especially in view of the fact that at still higher tempera- 
tures than those indicated the initial thermionic currents decayed so 
rapidly, even under the most rapid method of experimenting, as to fall 
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below the value of E; at 764° C. This is in part at least to be accounted 
for by the presence of the negative ionization which would make recom- 
bination a factor.! 

The values in Curve JJ, Fig. 2, were obtained as follows. The wire 
was heated at a given temperature and the decay of the ionization with 
time determined. The ‘‘slow decay” values of the currents were made 
use of in determining the relations given in JJ. A sample set of readings 
at 740° C. is inserted below. 


pe ee 0 1 2 3 6 8 
MIS Sihids Grew ears men ee 200 168 154 140 123 116 
Time (minutes)............ 10 13 19 24 26 31 
NN. 5-08 riG de wanes ewes 110 105 85 78.5 78.5 79 


Hence 79 div./sec. was taken as the value of the slow decay-with-time 


1 Under a potential of — 200 volts a negative current of 1 division per second, remaining 
constant in value during an hour’s testing, was obtained at 705° C. The negative values 
were, however, always very small in comparison with the positive currents. After the positive 
emission had reached the condition indicated in Curve IV. at 764° C., a negative current of 
1.5 divisions per second was obtained at that temperature. 
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current. The order of heating, temperatures used, time of heating at 
each temperature and the slow decay current values are given in the ap- 
pended table: 

















Column, I 2 3 4 5x 6 7 8 
Temperature, — 845 869 893 923 953 983 1013 1040 
Current, (div./sec.)....... 1.05 1.2 2.6 6.7| 16.6| 42.5 78.5 495 
Time heated (min.)....... 30 35 35 28 28 28 30 18 








Curve III was taken immediately after the highest temperature value 
of the current given in JJ. The readings were taken in the manner 
described in discussing Curve J, proceeding from lower to higher tempera- 
tures. Curve IV was obtained in an analogous manner after the wire 
had been left standing cold in the apparatus for eighty hours. 

It appears, then, from an examination of these curves that there are 
two sources of ionization present as impurities in the wire. One of these 
becomes the predominant and permanent source of positive thermions 
at the higher temperatures as heating under potential is continued. The 
ionization from the second source is more easily driven off with heating 
and drops away with time more rapidly than that from the other sub- 
stance capable of giving rise to positive ions and becomes in time prac- 
tically inefficient as a producer of ions as shown in Curve IV, C,D,. 

The tangent of the angles which the above lines (Fig. 2) make with the 
axis 1/9 is a measure of the work done in setting free an ion. If it is 
legitimate to interpret all portions of these curves in this manner, then 
it is apparent, first of all, from the parallelism of EE,, E2D2, E;D3 and 
E,D, that the value of the work required to free a positive ion from one 
source of ionization remains constant under continued heating. The 
ratio of the tangents of the angles made by E,D, and CD, with 1/6 is 
equal to 0.57. The values of ‘b” calculated from the relation 


4 log. @ — log. I 
1/0 


for the two portions C,D; and D3E3 of Curve III are 2.4 X 10‘ and 
4.5 X 10%. Professor Richardson! has calculated the values of 6¢, the 
discontinuity of potential (in volts) between the metal and the surround- 
ing space, as 2.45 for sodium and 4.1 for platinum. The ratio of these 
is 0.6. The writers of this paper venture the suggestion that the source 
of ionization operative at low temperatures is a sodium salt impurity 
and that the permanent source giving ionization from platinum at tem- 
peratures above 700° C. or thereabouts is a salt of another base, potas- 
sium, if we accept Richardson's recent work. 


b= 





1 Phil. Trans., Vol. 201, page 545. 
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The above experiments and the brief analysis made are in accord with 
Richardson’s views. We quote the following from one of his recent 
papers:! “The gradual increase of m as the heating is continued is in 
agreement with the author’s previous experiments on platinum.? It 
would seem to indicate that the source of positive ionization of lower 
atomic weight from platinum is more easily driven off by heating than 
that of higher atomic weight. The results are in agreement with the 
view that the ions of lower atomic weight are sodium atoms, but as the 
substance of higher atomic weight is less easily driven off by heat, it 
would appear that some impurity other than sodium or its salts has to 
be looked for.” 

CURRENT-TIME RELATIONS. 

Additional support in favor of the above view is offered by the current- 
time relations plotted in Fig. 3. The wire was treated in a manner to be 
discussed later in this paper and its ability to produce ions under varying 
temperatures brought back approximately to the conditions indicated in 
Curve IJ, Fig. 2. Curve 7, Fig. 3 (currents X 10), shows the steady 


Current = Div/See. 
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valued current condition at 642° C., the readings being made after the 
wire had been previously used at 800° C. and 725° C. In Curve 2, 
obtained at 725° C., there is an initial increase of the current to a maxi- 
mum after two to three minutes before the decay sets in. Before taking 
the readings the heating current was adjusted until constant, the poten- 


1 Phil. Mag., Dec., 1910, p. 993. 
2 Phil. Mag., Vol. 21, p. 759. 






























on. 3. IONIZATION FROM HEATED PLATINUM. 295 











tial was then applied and the observations made. This method of opera- 
tion it seems to us ensures the legitimacy of the results, for it eliminates 
errors due to slight resistance—and hence temperature-changes which 
often occur in the early stage of heating. Results similar in nature to 
those in Curve 2 were obtained when the current-time effects were in- 
vestigated at temperatures considerably below those at which a wire had 
been previously treated until its steady current stage was reached. Hor- 
ton has also noted the occasional occurrence of the initial increase of 
emission from reheated platinum.! The ionization currents, however, 
fell away from an initial maximum value when the wire was heated at 
800° C. as shown in Curve 3 (currents X 100). 

Current-time relations showing an initial increase were also found when 
obtaining the data used in Curve JI, Fig. 2, at 596°, 620° and 643° C. 

This initial rise of current during the first few minutes heating would 
be overshadowed completely if the second source of ionization, decaying 
with time in the manner shown in Curve 3, were operative to any consider- 
able extent. It is probable then that these two distinctive types of 
decay curves, indicating two sources of ionization, have not been definitely 
differentiated previously because (1) the current-time effects have not 
been investigated within the proper temperature regions after the wire 


TABLE I. 


Column 1. Temperatures in degrees absolute. 

Column 2. Initial currents in divisions per second. See Curve I, Fig. 2. 

Column 3. Currents after 30 hours’ heating under potential at different temperatures. 
Column 4. Currents after wire heated for 10 minutes in gas flame. 

Column 5. Currents after heating electrically in hydrogen. 

Column 6. Currents after wire brought back to ‘‘steady current condition.” 

Column 7. Currents after cleaning wires in nitric acid. 








I 2 3 4 5 6 7 























838 0.93 0.83 0.62 0.92 0.83 0.75 
857 mee i) ssteee § wevsed EP osenncas 9 xanes BL aaesnann 
868 6.65 2.00 6.75 3.6 0.80 0.74 
881 wee OU léweese F ceeses | cavenncs 9 oeden FP evswnows 
892 46.8 2.18 32.4 SR 8 (cece | wesuowes 
910 183.0 1.88 61.5 64.7 1.16 13.3 
934 835.0 1.82 78.0 110.0 1.18 46.2 
958 2,900.0 2.00 92.5 423.5 1.18 819.5 
982 8,850.0 Bee ff léwawee Gene | vehas | sdvenens 
ee © sivnaens 5.9 92.5 10,000. 4.15 2,035.5 
1,012 10,400. 12.5 157. SAeem | lttewe | ceweewes 
1,036 38,400. 34.3 110.(?) 11,000. 5.5 3,666. 
8 rerrer 91.6 209. 16,940. 10.0 5,200. 
SE) setsewns 110.0 363. 22,000. 17.0 10,000. (?) 











1 Proc. Roy. Soc., Feb., 1913, p. 136. 



































Ss 
296 CHARLES SHEARD AND D. A. WOODBURY. ang 


has been treated for some time, and (2) the products of decomposition 
of one of the sources, the active and inactive, giving an ionization-time 
relation expressible by e~’ — e~, have rates of decay, ; and Xo, not 
widely different from each other; hence the initial increase of currents 
might be missed. 


THE EFFECT OF A CHANGE IN THE SURFACE CONDITIONS OF THE 
WIRE UPON THE POSITIVE EMISSION. 


Table I. contains a summary of the increased thermionic emission 
obtained when a wire, which has lost in a marked degree its power of 
producing ionization, was heated in the flame of a Bunsen burner (column 
4), heated electrically in an atmosphere of hydrogen (column 5) or cleaned: 
in hot dilute nitric acid (column 7). For the purpose of comparison the 
initial thermionic currents, as plotted in the ionization-temperature Curve 
I, Fig. 1, are given in column 2; the emission after thirty hours’ treat- 
ment under potential and under various conditions of temperature in 
column 3. The lower plate B carrying the wire was removed from the 
apparatus after the readings recorded in column 3 had been made; the 
wire was heated intermittently for about ten minutes in the outer edge 
of the Bunsen burner flame, care being taken that the wire was not heated 
at a higher temperature than any previously used in these experiments. 
This was done by a visual observation of the luminous condition of the 
wire.! On re-inserting the wire and testing its emission it was found that 
the currents were considerably increased, especially at the lower tempera- 
tures. The effects were somewhat erratic, however, as an inspection of 
column 4 shows; the ratio of the values given in columns 4 and 3 showing ] 
a falling off from 40 to 1 at 934° Abs. to 3 to I at 1072° Abs. This general 
condition of increased currents disappeared very rapidly with continued 
heating and in thirty minutes time the currents had approximately the 
values given in column 3. 

The wire was then heated electrically at 760° C. for five minutes in an 
atmosphere of dry hydrogen.” The current readings at various tempera- 

1 The heating of the wire at temperatures in excess of any previously used in testing the 
ionization from a hot wire or salt must be carefully guarded against, for such a treatment of 
the wire will give greatly increased thermionic currents when again heated at any lower 
temperature which may be chosen. These last mentioned effects are being investigated 
further. It is possible that the increased emission observed by Horton after introducing a 
platinum wire or salted anode into a flame and heating it may be attributed to this cause 
and not wholly to the absorption of gas. 

2 Air became mixed with the hydrogen at this point causing an explosion. The wire was 
not disturbed from its supports and was used in further tests. In view of latter results it is 


probable that part of the increase of current obtained was due to the mechanical cleaning of 
the wire produced by the explosion. 
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tures are recorded in column 5; the values of the currents being roughly 
one third to one half of the initial effects. The increased emission ob- 
tained after heating electrically in hydrogen did not decay to the low- 
valued emission condition, such as indicated in column 3, as quickly as 
when the wire was heated in the Bunsen flame. 

Following the current readings given in column 6, the wire was washed 
for a minute or two in boiling dilute nitric acid, then cleansed in 
distilled water and when dry was replaced in the apparatus.! The 
thermionic currents following this treatment of the wire are contained 
in column 7. The relative magnitude of the currents before and after 
the cleaning in acid is as large and at several temperatures greater than 
the effects obtained by heating the wire in hydrogen. 

The ionization from heated platinum is apparently a surface effect, 
and any change in the surface conditions of the wire, whether by heating 
in a gas or chemically cleaning, affects the subsequent ionization. That 
the use of a chemical reagent, which in itself has no effect upon platinum, 
should cause such changes in the ionization effects indicates the formation 
of a layer of practically non-ionizable material built up at or carried to the 
surface of the wire when heated for some time under potential. The 
residue of materials thus formed and not capable of producing ions would 
increase and become more operative with time and act as a blanket toward 
the ‘‘evaporation” of ions from the surface. It seems impossible to 
explain results such as those just presented on the theory that the chief 
source of the carriers of positive electricity from heated metals consists 
of absorbed gases. The function of a gas in restoring the power a wire 
has of producing ionization may be due to one or to all of several causes: 
first, a chemical change of such a nature as to render an inactive surface 
layer an efficient source of ionization; second, the removal of surface 
material by volatilization of new chemical compounds or combinations 
formed at high temperatures; third, in accord with some experiments 
‘by Reboul and de Bollemont,? the violent evaporation of absorbed gas 
may mechanically cleanse the surface. Some time ago Richardson® 
advanced the theory that ‘‘the effect of hydrogen is due to some changes 
it produces in the platinum surface’’; he discusses this hypothesis at 
some length in the concluding paragraphs of the article referred to. 

In the face of these experiments the writers are of the opinion that the 
weight of evidence is in favor of Richardson’s view that the positive 


1 The wire was not removed from its supports in any of these operations; otherwise criti- 
cism might justly be offered on the grounds of contamination in replacing the wire, etc. 

2? Comptes Rendus, 153, 1911, pp. 628-630. 
§ Phil. Trans., Vol. 207, 1908. 
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emission from heated platinum consists chiefly of charged atoms of sodium 
and potassium present as impurities. 


SUMMARY. 


1. Two sources capable of producing thermions are present as impuri- 
ties in platinum. 

2. One source of ionization is more easily driven out by heating than 
the other. 

3. After continued heating and when investigated within the proper 
temperature region, two distinct types of current-time curves are ob- 
tained; one showing a decay with time from an initial maximum, the 
other giving rise to a maximum after two or three minutes heating fol- 
lowed by the usual decay effects. 

4. The thermionic emission from a wire which has lost its power of 
producing ions may be enhanced and made comparable with the initial 
effects by (a) heating in a Bunsen flame, (b) heating electrically in 
hydrogen, (c) cleaning the wire with acid. 

5. The proposition is advanced that any change in the surface condi- 
tions of a wire or a salt will affect the subsequent ionization effects. 


PHYSICAL LABORATORY, 
OxnIo STATE UNIVERSITY, 
June, 1913: 
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THE REVERSIBLE ADIABATIC EXPANSION OF WATER. 
By J. R. ROEBUCK. 


F water be subjected to a change of pressure it is a matter of experi- 
ment that the temperature usually shifts slightly also. This 
temperature change depends upon the initial temperature, the 

initial pressure, and the pressure change. The work described here was 
undertaken on account of its bearing on the method for the determina- 
tion of the mechanical equivalent of heat described in an earlier paper,! 
where a quantitative knowledge in a limited region of the relation between 
these variables was required. This relation has been studied both 
experimentally and theoretically , 
by G. Tammann? who deduces the Tee 
thermodynamic equation, 


dt T (dv 

ray ~ Cy \dt ), 
where C, is the specific heat of 
water at constant pressure and the 
subscript Q indicates adiabatic con- 
ditions. He integrates this equa- 
tion arithmetically and obtains a 
set of curves which will aid in the 
discussion of this work if they are 
reproduced here, Fig. 1. The or- 
dinates are temperature change ,,, 
from the initial temperature Press. change in atmos 
marked on each curve, and the Fig. 1. 
final pressure is always the same, one atmosphere. 

From these curves it is at once evident that by a suitable choice of 
temperature, pressure and pressure drop, the resulting change of tem- 
perature will be zero. It will also be evident that the pressure drop need 
not be always to one atmosphere, the condition in these curves, to have 
this condition filled. By the choice of one of these sets of conditions for 


1 Puys. REv., 2d Ser., 2, 79, 1913. 
? Uber die Beziehungen zwischen den inneren Kraften und Eigenschaften der Lésungen, 
p. 131. 
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the porous plug reading, the total temperature change occurring there 
(with a trifling correction) would be due to the work done on the water, 
that is, the only serious correction would be reduced to zero. 

Except with two points of difference the apparatus used for the work 
on the mechanical equivalent of heat was used here. The first difference 
was that the higher pressures frequently used required other apparatus 
for its measurement than the open tube mercury manometer. Some 
experience with spring gauges has shown them to be quite unreliable for 
close work. The trouble seems unfortunately to be connected with the 
elastic properties of materials and less seriously with the multiplying 




































































Fig. 2. 


a, a, a, steel piston; b, b, cylinders; ¢, ¢, c, c, cast-iron yoke; d, d, lugs for legs; e, e, pulley; 
f. f, ring of ball bearing; g, arm for holding ‘“‘f"’ from rotating; h, h, unions for pressure leads; 
i, i, relief cocks; j, 7, ring for gimbals. 


mechanism. ‘To summarize, the reading depends somewhat on the time 
during which the pressure is on the gauge, increasing slightly with time. 
The reading is materially different when approached from a higher 
pressure from that obtained when approached from a lower pressure and 
this quite beside any lost motion or friction in the recording mechanism. 
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‘The elasticity of the spring tube depends upon the temperature. Beside 

these grave faults, many even of the expensive gauges have serious errors 
due to the multiplying mechanism such as lost motion, friction and ir- 
regularity due to gear transmission. Their great advantages are their 
rapidity and ease of reading. 

Experience with the rotating-piston pressure regulator had proved it 
to be so reliable, that a modified type of the engineer’s dead-weight tester 
promised to give satisfactory results. Accordingly a differential manom- 
eter of this type was designed and its use in this and other projected work 
justifies a full description. It was built in the department shop by Mr. 
Foerst and no small part of its excellent performance was due to his 
accurate and careful work. A vertical section is shown in Fig. 2 and a 
photograph of the complete instrument in Fig. 3. Two cylinders (0) 
face each other on a common axis in a cast-iron frame (c) and are entered 
through leather packed stuffing boxes by a common piston (a) of glass- 
hard steel carefully ground and polished. At its center this piston 
carries a double grooved pulley (e) for rotating by round belts from two 
opposite cylinders under nearly equal tension. On the upper side of 
this grooved pulley (e) is a thrust ball-bearing carrying through gimbals 
(f and 7) and a steel U, a vertical iron rod with a disk at the lower end 
for supporting the load of slotted iron weights. The arm (g) holds the 
gimbals from rotating while it allows vertical motion. All of these parts 
except the load are counterpoised by a weight hung over a pulley sup- 
ported on hard-steel knife-edges. An iron cylinder attached to this 
counterpoise dips in mercury and serves to give the rotating cylinder a 
definite vertical equilibrium position. It is provided with a scale and was 
calibrated for displacement by small known weights. The cylinders 
were filled with paraffin oil and connected to the water system through 
U-tubes where the oil floated on the water. A block of steel carried the 
necessary relief cocks and valves. A single pressure was read by balanc- 
ing the pressure admitted only to the lower cylinder, by a load of the 
iron weights; while a difference of pressure was read by admitting the 
higher pressure to the lower cylinder, the lower pressure to the upper 
_ cylinder, and balancing the difference by the load. The pistons were so 
nearly the same size that when in the symmetrical equilibrium position 
the same pressure up to 300 atmospheres applied simultaneously to the 
two pistons did not displace the zero beyond the experimental error of 
setting. The piston always returned from either direction in three to 
five minutes to within a mm. of the equilibrium position. A displace- 
ment of a mm. corresponded to 0.01 Ib. load, or 0.2 lb. per sq. in. pressure. 
The slotted iron weights were standardized against the state standards at 
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the state laboratory, for which courtesy my thanks are due to Mr. 
Dowling, in charge there. The diameter of the piston was measured 
with a micrometer calipers and over the part in use was exceedingly true. 
A simultaneous reading of a pressure on this instrument and on the open 
tube mercury manometer checked with this measurement of the diam- 
eter to0.I percent. There was no leak past the leather packing and under 
these conditions it is difficult to see how a compression of the steel piston 
by the pressure used could influence the effective area of cross-section. 
Measurements of pressure due to the rotating-piston regulator could be 
duplicated to 0.1 per cent. 

The second difference in the experimental arrangement was in the plug 
chamber. The plug was removed and the thermometer which had 
been inside the plug served for these readings. The other thermometer 
was removed to the bath and its place in the pressure system was taken 
by a device for stirring the water in the plug chamber immediately about 
the thermometer. A cylinder of very thin brass was placed around the 
thermometer and stirrer, so that the stirred water whose temperature 
changes were followed, was surrounded by a cylinder of water, not stirred, 
but subjected to the same pressure vibrations. The stirring of the inner 
chamber had to be limited to a very gentle movement once per minute 
or the effect of it showed at once on the thermometer. 

In reading platinum resistance thermometers the best procedure is 
to use a continuous current so that the heating of the thermometer coils 
will be similar. In this work the addition of this energy to the water 
about the thermometer would have led to a marked rise of temperature 
when continued over the time for which the experiment lasted, so that it 
became necessary to make the bridge settings by momentary contacts of 
the Callendar key. This involves reading a small induction effect as 
resistance, though the bridge coils and thermometers were wound non- 
inductively, but since the resistance was varying within very narrow 
limits, a few thousandths of a degree at most, the induction effect would 
go out in the process of subtraction of the resistances to get the tempera- 
ture change. 

The experimental procedure was as follows: After the thermostat had 
been in steady operation for at least an hour, the stirrer was operated 
and the temperature read to 0.0001° C., once per minute, till the tempera- 
ture became constant to about this amount, when the pressure was 
changed suddenly the predetermined amount by changing the load on the 
regulator, and the temperature again followed for about ten minutes. 
Usually in four to six minutes it was constant again, and in case the 
temperature change was large it often showed a drift at the end of the 
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ten minutes. After an interval of thirty minutes to one hour this experi- 
ment was followed by a duplicate determination except that the pressure 
change had the opposite sign. The two readings usually checked to 
within 0.0003° C. but some showed, 
large differences due probably to , 
thermostat irregularities. 


A ad 





The temperature changes imme- & 
diately following the pressure § 
change are of some interest. Fig. § 
4 shows a typical curve, for a relief 
of pressure. Immediately follow- ” vs 7 
; h d the th Minutes 
ing the pressure drop the thermo- Fig. 4. 


meter records a sudden fall of tem- 
perature due probably to the work done by the thermometer case 
against the falling pressure. This is followed by a rapid return to the 
temperature of the water which may be above or below the initial tem- 
perature. In the case figured the temperature fell 0.0016° C. 

To explore the field generally 
a limited set of readings was 
taken between 0° and 4° C., 
with the lower pressure always 
one atmosphere, and the results 
are plotted in Fig. 5. This 
method of building up the curves 
does not give those which are 
the most useful. For each curve 
the initial temperature and final 
pressure are always the same, so 
that the curve does not repre- 
sent exactly the path of the 
water during an expansion. For 
this either both initial or both 
final conditions should be alike 
for all points on a curve. But 
: since the temperature change is 
so small and such a slight function of the initial temperature, the differ- 
ence between the methods is immaterial. The curves are of the same 
form as Tammann’s in Fig. 1. On attempting a numerical check it was 
soon apparent that the data on the coefficient of expansion at these 
temperatures were so uncertain as to make the calculations of little 
value. In the case of one reading at 26° C. the agreement was within 
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the accuracy of reading from the original figure given by Tammann., 
Certain of these curves cut the axis for zero temperature change, which 
were the points of particular interest for this work. In general the tem- 
perature change is a function of the initial temperature, the initial 
pressure, and the pressure change. The particular value, At = 0, is con- 
sequently a function of all three 
variables. Fig. 6 gives the (4, #) rela- 
tion of these points for the final pres- 
sure always one atmosphere. The 
curve cuts the temperature axis close 
to 3.96° C., in good agreement with 
a is | the temperature of maximum den- 
Pressure in Ut mospheres sity of water at atmospheric pres- 

ve. 6. sure, as was to be expected from 
Tammann’s equation. The point at 3.59° C. was determined with 
especial care by varying the temperature at which the reading was made 
using the same initial and final pressures, and the readings are plotted in 
Fig. 7. This curve and the corresponding curve estimated from Fig. 5 


tea” 


Temperature Centigrade 









aT x /0* 





Temperature 


Fig. 7. 


give the temperature and pressure limits between which the mechanical 
equivalent had to be determined with this final pressure so that the cor- 
rection should fall below 0.0001° C. 

From Tammann’s equation given above it is at once evident that when 
(dt/dp), = 0, then also (dv/dt), = 0, since the other quantities involved 
do not go to zero. That is to say, the maximum density conditions are 
also conditions where the adiabatic rate of change of temperature with 
change of pressure is zero. This offered another chance for experimental 
test of the theory and it was hoped might also prove to be a satisfactory 
method for the determination of the pressure-temperature relations of 
the maximum density. But the method proved exceedingly laborious 
and the results did not justify the labor required. The desired data 
called for the determination of At/Ap at the limit Ab = 0. Asa rule this 
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is not possible and approximations have to suffice. Here it is possible, 
since the rate has positive, zero, and negative values. The procedure is to 
find a sufficient group of sets of conditions under each set of which At = 0; 
from which it is possible to interpolate for the set of conditions under 
which Ap = o. The experiments deal with four variables and following 
the usual plan two are kept constant while the relation between the other 
two is being determined. The two, p and At, were chosen as being the 
most readily managed with the experimental set-up. A series of readings 
were made at constant temperature, of the temperature change due to 
a constant pressure drop from a series of initial pressures. If all four 
variables were chosen suitably, the curve obtained by plotting the experi- 
mental values of » and At cut the axis for p at which point At = o. It 
was only necessary to plot the values as the readings progressed when 
from the trend of the curve p could be so chosen as to make At go through 
the zero value. This was repeated for other values of Ap but the same 
temperature, each curve giving a value of » and Ap at which for this 
temperature At = 0. Plotting of these values of p and Ap gave a curve 
cutting the p axis where Ap = 0, or at least by indicating the trend of the 
curve enabled the experiments to be so chosen as to make the curve cut 
this axis. For this cutting point then Ap = 0, also Af = 0, so that 
(dt/dp), = 0, and the values of » and ¢ therefore describe maximum 
density conditions. The whole process had then to be repeated for 
other constant temperatures, each repetition giving a new point on the 
maximum density pressure-temperature curve. A large number of 


Temperature 
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Pressete Lbs/q iv. 
Fig. 8. 


readings were required to fix one of these points. The determination in 
duplicate of four to six points required a day’s work. The data as re- 
ported could be improved by a larger number of readings, but the results 
did not promise to be as reliable as those by direct measurement of 
volume. None of the actual data is reported but only the final curve, 
Fig. 8. The points fall around Amagat’s curve for the maximum density 
and hence may be taken as supporting Tammann’s equation. 
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The principal contents of this paper are: 

1. Description of an accurate rotating-piston differential manometer. 

2. The method and data for fixing the point at 3.59° C. for the method 
for the determination of the mechanical equivalent of heat. 

3. Experimental test of Tammann’s curves, both direct and indirect. 

4. Describes, tests and rejects an indirect method for the determination 
of the (, #) relations of the maximum density of water. 
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UNIVERSITY OF WISCONSIN, 
June, 1913. 
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A DETERMINATION OF e/m AND v BY THE MEASUREMENT 
OF A HELIX OF WEHNELT CATHODE RAYS. 


By J. B. NATHANSON. 


[* 1904 A. Wehnelt! showed that the output of negative carriers of 

electricity emitted from incandescent Pt, could be enormously 
increased by coating the Pt with a layer of an alkaline earth metal oxide 
like CaO. Using this Pt as a cathode, Wehnelt determined e/m and v 
for the cathode beam issuing from the hot lime. The method employed 
’ was the utilization of the potential difference of discharge and the meas- 
urement of the diameter of the circle into which the rays were magnet- 
ically bent. Wehnelt obtained an average value of 1.48 X 107 for e/m, 
and for v values ranging from 0.16 X 10° to 1.07 X 10° cm. per second. 
J. Classen,? employing a photographic method for determining the diam- 
eter of the circle, obtained a value of 1.773 X 10’ fore/m. C.T. Knipp,’ 
using the method of electrostatic and magnetic deflections, obtained a 
value of 1.5 X 107 for e/m and 1.6 X 10° for v. 

In the present investigation, the method employed was the utilization 
of the principle of both magnetic and electrostatic deflections. This 
avoids the assumption that all of the electric energy of the electric field 
is converted into kinetic energy of the moving particles. Sir J. J. Thom- 
son‘ has shown that when a moving electron is projected into a uniform 
magnetic and a uniform electrostatic field, the lines of force of both fields 
being parallel, that the electron will describe a helical path, the helix 
. being of increasing pitch. . 

The helical path in the case of the Wehnelt cathode rays was experi- 
mentally realized as follows. The rays were projected from a Wehnelt 
cathode in a direction perpendicular to the lines of force of a uniform 
magnetic field. The path assumed by the rays was a circle. Upon 
application of a uniform electrostatic field whose direction coincided with 
that of the lines of magnetic force, the circle was drawn out into the form 
of a helix. 

1 Ann. d. Phys., 14, p. 425, 1904. 

2 Phys. Zeit., 9, No. 22, p. 762, 1908. 


3 Trans. A. I. E. E., p. 1883, 1912. 
4 Thomson’s Cond. of Elec. through Gases, 2d ed., p. 112. 
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The circular path of the rays is given by the equation 
ten =, 
r 
or 
e 
v=H m” (1) 


where H = magnetic intensity, r = radius of the circle. 

The negative particles composing the rays, when projected in a direc- 
tion perpendicular to the electrostatic field of strength Z, will receive a 
uniform acceleration of Ze/m in the direction of the field, so that in time 
t the electrostatic deflection z will be 

a Z—-., 2 
z=Z —e (2) 

If m is the number of times an electron has passed around the helix in ~ 
the time #, while experiencing the electrostatic deflection z, then v, the 
velocity of projection of an electron, is given by 


,=——. (3) 


Evidently the time taken by the electron to go once around the circle 
with the constant velocity of projection v, is equal to the time taken by 
the electron to pass once around on its helical path with a resultant 
velocity vp. Hence 
Ze 2r° rn? 
a = (4) 
Substituting the value of v from (1) into (4) and solving for e/m, we 
have, 
e Z 2n°n? 
—— (5) 
It was found very early in the investigation that the beam of rays 
after having passed the first time around on its helical path, would suffer 
a deflection or distortion when repassing over the cathode, this deflection 
being due to like sign of both cathode and electrons. As a result of this 
deflection, the uniformity of increase of pitch was disturbed, and it was 
therefore deemed advisable to measure the electrostatic deflection for the 
first one half turn only. Accordingly equation (5) reduces to 
e Zr wv 


m H?2z 2dH?z’ (6) 


where V = potential difference of electrostatic plates, d = distance be- 
tween electrostatic plates. 




















Vou. II. 
Yet. 3 DETERMINATION OF e/m AND ». 309 


Eliminating e/m from (1) and (4) and letting » = 1/2, we have for 2», 


_ Vr 
0 odHz’ (7) 


DESCRIPTION OF APPARATUS. 


The discharge chamber consisted of a jar J, lying on its side, 21 cm. in 
diameter and 18 cm. deep. The mouth of the jar was ground plane to 
receive a square piece of plate glass P. This was fitted on airtight by 
means of a mixture of equal parts of beeswax and resin. The plate glass 
window permitted accurate measurements to be taken on the helix 
without any accompanying optical distortion. 

The electrostatic deflections were affected by two parallel Al plates, 
A and B, resting on an improvised glass support S. These plates were 
circular, being 15 cm. in diameter. The upper plate A was connected 






































8 © 
re] = 
Q ‘ v VS 
‘ a 229 
9 oe £ ss X 
ae 45 
5B f 3° 
M, SB te * 
me 
° gS fk ‘s 
ie) ° 
P 
8 ar = 
—— : pa " Ground + \Heating 
a) Glass trevit 
v 
| is 
/ - ” Earth 
s : 5 
D Py D4 
. = K Q 
Cc ~~ 
s 
3 ok 
3 
x= 
S) 
Fig. 1. 


through a water resistance to the (+) pole of the battery, the lower plate 
B, being connected to the (—) pole. With this arrangement the circle 
could be drawn out into a helix in an upward direction away from the 
lower plate. The difference of potential between the plates was measured 
by a Kelvin multicellular voltmeter. 

The discharge chamber with its electrostatic plates was surrounded 
by a uniform magnetic field, furnished by two large coils M, and M2, 
each 41 cm. in diameter and 30 cm. high. By means of proper supports, 
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they were separated from each other by a distance of 8.5 cm. This 
admitted the introduction of the Wehnelt cathode C into the discharge 
chamber, and at the same time allowed observations to be taken on the 
helix through the plate glass window. 

A Grassot flux-meter was employed to determine the magnetic inten- 
sity H for any given value of the current J, through the coils. The dis- 
charge chamber was removed from within the coils, and the small test 
coil of the flux-meter was properly supported in the region occupied by 
the helix. Flux-meter readings were plotted against the values of J in 
amperes, giving a straight line curve through the origin. From the 
tangent of the curve, and the dimensions of the test coil, the following 
relation was found between H and J, where H is in gausses, and J is in 
amperes, 

H = 5.70981. 

The maximum diameter of the cathode ray circle employed in this 
investigation was about 12 cm. To test the constancy of the magnetic 
field over this area, the small test coil was moved outwards from the 
axis of the magnetic coils, noting the flux-meter readings for various 
distances of the test coil from the axis, the current through the magnetic 
coils being kept constant. It was found that the flux-meter deflections 
were practically constant over a region of 16 cm. diameter. This there- 
fore insured a constant field over the region traversed by the rays. 

Since the beam of cathode rays issuing from the small lime speck on the 
Wehnelt cathode is so compact and well defined, the usual encumbrances 
of diaphragms, so necessary in the case of ordinary cold cathodes, were 
done away with, and the Wehnelt cathode was introduced right into the 
electrostatic field through a hole in the side of the discharge chamber. 
The manner of mounting the Pt strip on which the lime speck was de- 
posited, was that employed recently by Knipp.! The ground glass joint 
permitted the rotation of the cathode about an axis perpendicular to the 
lines of magnetic force. The cathode beam could thus be oriented around 
till its path was perpendicular to the lines of magnetic force. This 
arrangement therefore admitted of easy adjustment for the obtaining 
of the beam in the form of a perfect circle. 

The small lime surface was obtained by the placing of a minute particle 
of Bank of England sealing wax on the Pt strip and then electrically 
heating the strip slowly up to redness. The sealing wax was thereby 
changed into a small round white speck of lime whose diameter varied 
from 0.5 to I mm. 

The discharge potential employed was 1,000 volts and was furnished 
1 Puys. REv., p. 58, January, 1912. 
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by a large set of small storage cells. The cathode was grounded and con- 
nected to the (—) pole of the battery. The (+) pole was connected 
through a water resistance to the anode which was in the form of an Al 
collar on the inside of the tube 7>. 


METHOD OF PROCEDURE. 


The Wehnelt cathode rays are easily absorbed by any residual gas in 
the tube and hence are obtainable with distinctness only at a very high 
vacuum. The vacuum used was therefore the highest obtainable by 
means of a Gaede pump and charcoal cooled to liquid air temperature. 

The cathode beam was started by closing the 1,000-volt discharge 
circuit, and then slowly heating the Pt cathode to redness. It usually 
took some time for the cathode beam to appear, the first appearance of 
the beam being in the form of a whitish flaky cloud. The temperature 
of the Pt was then slowly increased till the flaky cloud changed into a 
sharp beam which issued normally from the cathode. This beam was 
usually not perpendicular to the lines of magnetic force and hence when 
the magnetic field was applied the beam changed into a helix. By 
rotating the cathode in the ground glass joint, this helix was readily 
changed into a perfect circle which lay in a horizontal plane. 

The telescope of the cathetometer was then sighted on the plane of 
the circle, the horizontal cross wire being placed on the horizontal edge 
of the circle at a, Fig. 2. Upon application of the 


electrostatic field, the circle was drawn out into a ae 
helix whose diameter was usually somewhat less ; >» 
than the diameter of the circle. The horizontal a 
cross wire of the telescope was then sighted at b wei: 
to obtain the electrostatic deflection for 1/2 turn, 

the difference in the cathetometer readings between Fig. 2. 


b and a giving the amount of this deflection. 

' The diameter of the circle was measured by placing the leg of a square 
against the plate glass window, and moving the square along till the edge 
of the circle at one half turn was in line with the other leg of the square. 
The same was done for the other side of the circle at the cathode. The 
difference between the two positions gave the diameter to within I per 
cent., as close a measurement as could be warranted by the slight fuzziness 
of the boundary of the beam. 

It was found that the lime would continually deteriorate and fall off 
from the hot Pt so that the beam would weaken and fade away with 
continual use. This necessitated the raising of the temperature of the Pt 
to bring the beam back again to distinctness. Thus during the course of 
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an experiment, the temperature of the Pt was intermittently raised from 
red to white heat. 
DISCUSSION. 

The values of e/m vary from 1.27 to 2.07 X 10’, giving an average value 
of 1.61 X 10’. This agrees favorably with Wehnelt’s value of 1.48 and 
Knipp’s value of 1.5, but is less than Classen’s value of 1.773 obtained by 
a photographic method. The values of v vary from 1.00 to 1.75 X 10° 
cm. per second, giving an average value of 1.39 X 10%. We would of 
course éxpect v to vary with the different temperatures employed. 

It might be instructive to check this value of v by another method. 
If V is the potential difference between anode and cathode, then we have 
from the equivalence of electrical and kinetic energy, 


o= JoLy. 
m 


Supplying in this equation V = 1,000 volts, and e/m = 1.61 X 107, vis 
found to be 1.79 X 10° cm. per second. This is somewhat higher, but 
of the same order, than the value of v experimentally obtained. However 
the actual difference of potential between anode and cathode had it been 
carefully examined, by means of a sounder, would have been found less 
than 1,000 volts. 





TABLE I. 
Distance between the electrostatic plates = 6.60 cm. 



































amggen, cae, ~~ wie ae | elm X 10-7, | vX 10-9, 

1 3.30 18.84 81.3 1.01 10.1 1.71 1.62 
2 3.99 22.78 81.2 0.85 7.7 1.39 1.21 
3 3.33 19.01 79.5 1.08 10.0 .56 1.14 
4 4.70 26.84 119.5 0.98 6.4 .27 1.09 
2 3.20 18.27 80.0 1.10 10.0 .64 1.49 
6 3.75 21.41 119.3 1.33 7.7 46 1.20 
7 3.43 19.58 79.5 0.99 9.3 59 1.44 
8 2.90 16.56 120.0 1.94 10.2 .70 1.43 
9 3.62 20.67 83.0 1.01 8.1 1.44 1.20 
10 2.90 16.56 120.0 1.72 10.3 1.91 1.63 
11 3.61 20.61 126.0 1.30 8.7 1.71 1.53 
12 3.35 19.13 43.0 0.43 8.9 2.07 1.75 
13 4.20 23.98 120.0 1.05 7.2 1.49 1.29 
Se ae | 1.61 1.39 








Returning to the values of e/m given in Table I., we notice that they 
vary somewhat among themselves. It seems that Wehnelt! had the 
same experience, for his table shows e/m to vary from 1.34 to 1.81 X 107. 
1 Ann. d. Phys, 14, p. 425, 1904. 
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Since the method of this investigation is so different from Wehnelt’s 
method, there seems to be no other conclusion than that the cause of 
the variation of e/m lies in the nature of the Wehnelt cathode itself. It 
was previously mentioned that the lime was continually disappearing 
from the hot Pt necessitating now and then the raising of the temperature 
of the Pt to obtain a sharper beam. Other recent work in this laboratory 
on the Wehnelt cathode shows quite conclusively that the activity of the 
hot lime, when supplied by Bank of England sealing wax, falls off rapidly 
with use—the current rising to successively lower and lower maxima 
each succeeding day when heated to the same temperature. It is 
évident, due to the sputtering of the hot lime cathode together with the 
probable complex character of the lime obtained from the sealing wax, 
that the source of the negative carriers of electricity is not a constant one. 
Slight variations in the heating current made correspondingly very large 
variations in the density of the cathode beam. This inconstancy must 
account in a large measure for the variation of e/m. 

The disturbing effect of introducing the cathode between the electro- 
static field plates was less than the error due to the variations just men- 
tioned. This was shown to be the case by introducing the hot Pt strip 
carrying the lime up through a slot in the lower plate and adjusting so 
that the cathode beam, when bent into a circle by the strong magnetic 
field, just grazed the upper surface of this plate, the electrostatic field 
being zero. 

In addition it might be said that, apart from all quantitative measure- 
ments, the helical method is most beautiful in its nature, and the appa- 
ratus serves very excellently as a demonstration piece for the magnetic 
and electrostatic deflection of cathode rays. 

In conclusion I take this opportunity of expressing my thanks to Pro- 
fessor A. P. Carman for the facilities that were so kindly placed at my 
disposal, and to Dr..C. T. Knipp who made this work possible by his 
kind help and suggestions. 

LABORATORY OF PHYSICS, 


UNIVERSITY OF ILLINOIS, 
June, 1913. 
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A PRACTICAL ELECTRICAL METHOD OF MEASURING THE 
DISTANCE BETWEEN PARALLEL CONDUCTING PLANES, 
WITH APPLICATION TO THE QUESTION OF THE 
EXISTENCE OF ELECTRON ATMOSPHERES. 


By F. C. Brown. 


N the Philosophical Magazine for August, 1912, Professor R. W. Wood 
raises the interesting question of the existence of conducting atmos- 
pheres surrounding metallic surfaces. The necessity for this hypothesis 
arose from a number of experiments, in which electrical conduction took 
place between metallic surfaces, when they were separated between 20 
and 30 wave-lengths of sodium light. The hypothesis appeals to the 
imagination but it is not easy to reconcile it with the well-known experi- 
ments by Earhart,! Hobbs,? Kinsley,’ Almy,* Williams,’ and others who 
found, by the use of interferometer methods, that there was good insula- 
tion when the conductors were much closer than the distances observed 
by Wood. Perhaps the argument may be urged against the interferom- 
eter methods that no allowance was made for a possible deformation of 
the metallic surfaces under the electrical stresses; nor have such methods 
as were used been infallible in detecting the absolute point of contact 
between the surfaces. 

Moreover, Wood’s experiments, considered alone, do not seem con- 
sistent with the electron atmosphere hypothesis, for such an atmosphere 
should extend out the same distance from the surface regardless of the 
insulating material between the surfaces, particularly so when the ma- 
terial is in discontinuous sheets. His results should not have shown a 
greater variation than the variation of his optical flat from that of a true 
plane. 

I have tested an electrical method for measuring small distances in 
-order to gain information which might help in explaining the above 
apparent discrepancies. I have found the method useful and the applica- 
tion interesting. The application can be most readily understood, after 
the method has been explained. 


1 Phil. Mag. (6), 1, p. 147, 1901. 
2 Phil. Mag. (6), 10, p. 617, 1905. 
3 Phil. Mag. (6), 9, p. 692, 1905. 
4 Phil. Mag. (6), 16, p. 456, 1908. 
5 Puys. REV., 31, p. 212, I9I0. 
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The electrical method of measuring the distance between two plane 
conductors is based on a measurement of the electrical capacity which 
the two planes possess by virtue of their nearness. For small distances 
such as I used the distortion of the lines of force at the edge of the planes 
was so small that no appreciable error arose therefrom, and the capacity 
of the connecting wires and the upper plane isolated was only from three 
to five units and could be corrected for or neglected. This method 
involves the elementary but fundamental and absolute formula, 


C = S/4rd, (1) 


where C is the electrical capacity of the two neighboring surfaces of area 
S, and d is the distance between the electrical charges on opposite planes. 

Now if it should be revealed that the distance between the opposite 
electrical charges is the same as the distance between the mechanical 
surfaces, then obviously it should be concluded that within the accuracy 
of measurement the electrical and mechanical surfaces are identical. In 
other words the identity would establish that an electron atmosphere 
does not extend beyond the mechanical surface. The question as to 
whether both negative and positive atmospheres exist need not be con- 
sidered at this time. 

The capacity of two parallel plates can be measured readily to a satis- 
factory degree of precision by the method of mixtures. I used a Dolazalek 
electrometer of 20 E.S.U. capacity for the comparison capacity and also 
for measuring the necessary potentials. The procedure was first to’ 
charge up one pair of quadrants to a potential V;, represented by a 
deflection of the needle, D;. The quantity of electricity on the needle 
was then allowed to distribute itself between the electrometer of capacity 
C., and the parallel plates of capacity C. The resulting potential, Vo, 
gave a deflection Dz. As usual the capacity of the parallel surfaces is, 


c= oO P8 | (2) 


Substituting the value of the capacity in equation (2), the distance be- 
tween the conducting surfaces is obtained in the form 


d = S-D2/4nrC,(Di — D2). (3) 


Because of the low capacities to be compared this method requires a high 
degree of insulation for all the parts. I have been very much surprised 
to find how easy it is to obtain almost perfect insulation when the neigh- 
boring plates are separated by only a few wave-lengths of light. The 
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only precaution thus far found necessary is that the insulating material 
should be free from moisture and impurities. In general if material 
once dried is kept a few degrees above the atmospheric temperature, 
trouble due to moisture will be avoided. For very thin insulating ma- 
terial hours of heating may be required, so that it may insulate properly 
the conductors which it separates. 

In these experiments I measured the distances between planes when 
the resistance was of the order of 10’? ohms, whereas Wood measured 
the distances when the conductivity could be measured by a galvanometer 
and a milli-ammeter. Naturally then I should have expected to work 
with planes separated farther than 20 or 30 wave-lengths, but I found in 
fact almost complete insulation at one or two wave-lengths, when the 
precautions mentioned were taken. ; 

In 1908! I obtained insulating films which were only about 10-6 cm. 
thick. This is nearly a hundred times less than certain minimum 
insulating distances obtained’ by Wood. One of Wood’s experiments 
indicated that a coating of oil did not interfere with the conductivity. 
So I tried first a film of turpentine. I evaporated a film of turpentine at 
high vacuum and allowed it to condense on a highly polished brass 
surface. After condensation I was able to bring up in vacuum a globule 
of mercury from below. The globule of mercury when earthed and 
brought up to the film altered the capacity of the electrometer system by 
the amount of the condenser formed. I was able to obtain by this method 
insulating distances of about 6 X 10->cm. As I was unable to measure 
the film thickness by a check method, it was not safe to conclude that 
the electron atmosphere did not extend into the turpentine. 

The first experiments were made with conducting planes of hardened 
steel. They were made and polished by our instrument maker, Mr. M. 
H. Teeuwen, but the surfaces were not tested at the time optically for 
planeness, and the microscope showed them not to be free from scratches. 
However at the conclusion of all my experiments they were tested and 
found to vary from a plane by less than two wave-lengths. The area 
was about 1.8 sq. cm. 

The two planes were separated by sulphur particles collected from an 
air suspension. Somewhat more than a thousand particles covered the 
surface of one of the plates, of which about 20 were larger than 0.007 cm- 
as seen by the microscope. When one of the plates was laid on the other 
there was complete insulation, 7. e., when the condenser was charged 
the potential did not vary noticeably in five minutes. The observations 
are shown in the following table. 

1 Phil. Mag. (6), 18, p. 649. 
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These results indicate that the electrical method gives a shorter 
distance than the diameter of the sulphur particles, but it was not certain 


























Approximate potential across| 

sulphur particles, volts. ... 4.34 3.4 1.8 0.6 
Zero reading of electrometer, | 

es ecawaneekbeaeaeenn 186 186 186 186 
Reading of electrometer when 

SI, Bike week eseeseees | 313, 329, 313 | 286, 289, 286 | 245, 247 | 205, 201, 202 
Reading of electrometer when| 

charges are mixed, D;..... | 225, 237, 234 | 225, 223, 226 205, 206 | 192, 193, 192 
Capacity, E.S.U............ 36 32 40 28 
Mean distance............-. 0.0044 cm. | 








if the few largest sulphur particles might not crush or give or roll into the 
scratches under the pressure of the upper plate. Further it was not clear 
what action so many small particles would have on the dielectric constant 
of the intervening space. 

Because the sulphur particles were not uniform in size and possibly 
not rigid, and because of the difficulty of getting rid of the moisture, I 
decided to try quartz fibers. A small fiber was broken into two parts 
and placed between the two surfaces. It was ona day in early May when 
the humidity was low, and the fibers were not previously heated, except 
in the oxygen flame when blown. Nevertheless the insulation was 
regarded as: perfect. The following are the observations with these 
quartz threads separating. 











Approximate potential between plates,| 

bacxden Shi eeaGivernnereennncadn | 2 0.9 
Diu itinginsengunddhereiebeseteviones | 320, 319, 317 242, 245, 245, 244, 245 
Db sudheetenpwerknadedseenseeneenneed 209, 208, 208 | 195.5, 196, 195, 197, 195 
cies sitsrnedeeOedareananaedin | 100 103 
SS GRO « «<a eeccwcsserccves | 97 100 
Mean distance... .....20+.sesecesesess | 00151 cm. 











Now the size of the quartz fibers separating the planes as determined 
by the micrometer eyepiece on the microscope was 


.00165 += .000086 cm. 


This difference by the two methods between the distances then varies by 
only about two wave-lengths. I found later in reading the size of fine 
fibers by the microscope, that it was much easier to err by obtaining 
values too large than too small. This experiment then leads to the con- 
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clusion that if there be a conducting atmosphere, it must not extend 
out more than two wave-lengths. 

Obviously the conclusion just arrived at is inconsistent with Professor 
Wood's suggested interpretation of his experiment, in which he obtained 
a current of several milli-amperes when parallel planes were only five 
wave-lengths apart. I therefore thought it advisable to repeat the 
experiment using smaller quartz fibers, this time three in number. The 


sizes were: 
aaa 6 sak usc tce  lede ds sha oe sae -00052 cm. 
Is ore: ticks nian aia ane octane aa .00053 
I srr eee pe ee .00059 


And the mean probable distance of separation was therefore .00056 cm. 
The electrical method by the mean of five observations, with 0.3 volt 
across condenser, gave a separating distance of .00054 cm. 

There are two conclusions that should be drawn from this experiment. 
First, there was almost perfect insulation when the two planes were 
separated by only ten wave-lengths, and, second, conducting atmospheres 
could not have extended as much as two wave-lengths outside the 
mechanical surface. 

A further attempt to repeat the above experiments with yet finer 
quartz fibers met with failure owing to unsatisfactory insulation. I did 
not try heating the quartz fibers at this time because I feared that the 
steel surfaces might vary by ten wave-lengths. I observed that it was 
impossible by the electrical method to obtain insulation at distances less 
than those measured by the microscope. Unless some unknown factor 
is involved, this observation obviously leads to a third conclusion, which 
is that conduction at short distances arises from conducting, material and 
not from an electron atmosphere of unvarying depth. 

The question as to the imperfect insulation at less than 9 wave-lengths 
was still unanswered. Possibly the insulating properties of certain 
dielectrics break down when a certain minimum thinness is reached. It 
was thought that a constant minimum thinness for any given material 
would strengthen this view. Or perhaps as Wood suggested films of 
moisture about small particles might readily explain the imperfect 
insulation if not also the high conduction. We shall recur to this point 
in a succeeding paragraph. But the most opportune explanation, whose 
plausibility should be considered, was the possible irregularity of the 
steel surfaces. 

The question of the planeness was answered in two ways. First, a 
glass plate with plane sides was moved over the surface of the plates 
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and the character of the interference fringes noted. By this test the 
extreme variation of the surface was not as much as two wave-lengths. 

Second, two optical flats on speculum metal were obtained, whose 
surfaces by optical test did not vary from a plane as much as one wave- 
length. With these my surprise was certainly great when I found im- 
perfect insulation when the surfaces were separated by quartz fibers of 
24 wave-lengths diameter. As my supply of quartz fibers; and also of 
oxygen was exhausted, I now turned to the use of mica flakes for insula- 
tion material. At first when a continuous sheet of mica of 25 wave- 
lengths separated the flats the insulation was imperfect. If charged to 
a potential of 4 volts, three fourths of the charge would leak off in 10 
. seconds, but by thoroughly heating the plates and the mica over an 
electric oven the insulation became quite perfect. This was more than 
a month after my experiments with the iron surfaces. and I now found it 
quite impossible to obtain good insulation without heating the plates 
and the insulator. Presumably the excess of humidity was the cause 
of the trouble. 

In one instance the speculum surfaces were separated by three mica 
flakes of a total area of about 5 mm.?. By the microscope one was about 
14 wave-lengths, the second 12, in thickness. The third was not meas- 
ured. When the electrometer was charged to + 5 volts and mixed with 
the speculum condenser the capacity was 310 cm., and when it was 
charged to — 5 volts the capacity was 315 cm. The total pressure on 
the upper plate was about 50 gm. From this capacity was subtracted 
59 units as a correction for the added capacity due to the mica flakes and 
to the plate aside from its condenser action. The area of the plates 
was 1.84 cm.2. The distance between the surfaces was therefore calcu- 
lated to be .00060 cm. It seems safe to conclude from this experiment 
that the difference between the electrical and optical methods is not more 
than three wave-lengths. 

It was observed that if the pressure on the plates was increased to 100 
gm. the insulation became very poor. Sometimes the insulation would 
be restored by removal of the pressure and sometimes not. However 
increased pressure did not always alter or destroy the insulation. 

Again three very thin mica fle. »*"e selected. By direct reflection 
they all appeared a brilliant green, but when viewed by the light that 
struck at a very large angle of incidence some of them appeared orange 
colored. With these flakes between the flats the speculum plates slid 
over each other freely as if nothing was between, and likewise they resisted 
pulling apart. The electrical resistance between the plates was very low, 
although I did not measure it. Continued heating with the two plates 
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together did not restore the insulation, although the mica had been 
heated for hours before the flakes were separated off the sheet mica. 
Then the plates were separated and heated for two hours over an. 
electric oven. The temperature of the plates was kept at about 215°. 
The mica flakes stuck tight to the plates during this procedure, although 
some of them did break in pieces. By this the insulation was made 
almost satisfactory, as may be seen from the following observations. It 
was necessary to determine the deflection from the first few swings of the 
needle. The period of the electrometer needle was about I0 sec. 























Pressure 90 gm. | 30 gm. 
nD ae 0 0 0 0 | 00 0 | 0 0 
re -| +33 |+33 | —43 |—43 |—82 —83 |—80 | —80 
ee 1 1.5} — 2 |}— 1.5 — 3.5|— 3.5|— 3.6) —4.0 after 10 sec. 
| —3.2 after 20 sec. 
Mean of Dz...... 1.5 | —2.2 after 30 sec. 
ib sbssiwert ede sddesesesaases 3.65 
OT re ee 4.45 
RS: oid ace dapaeses.nid -00031 cm. -00043 cm. 


Since heating the mica and plates to 215° had made the insulation so 
nearly satisfactory, it seemed wise to repeat this treatment. The plates 
were kept covered with japanese silk tissue to prevent dust particles from 
settling on them. After six hours the plates were removed while hot 
and tested at once. The insulation was not perfect but it was improved 
and at the same time the capacity was larger. At the beginning of the 
test the natural leak was such that the electrometer needle went from 3 
div. to 1 div. in 50sec. At the end of the observations the natural leak ° 
was from 2.7 to I in 20 seconds, from 1.0 to .5 in 30 sec., showing that the 
insulation deteriorated with time, possibly owing to the formation of a 
film of moisture as the plates cooled. The natural leak was corrected 
for in calculating the distance. The observations shown in table on 
page 321 were obtained before the insulation deteriorated seriously. 
I was not able by the microscopic method to determine the thickness of 
the mica flakes, further than to limit their probable size to less than five 
wave-lengths. This much also was determined by a micrometer screw 
gauge. Then interference fringes were formed by bringing two optical 
flats on glass into contact along one edge and allowing the opposite edges 
to be separated by the mica flake. The number of fringes between the 
point of contact and the mica obviously gives twice the thickness of the 
mica in wave-lengths. The great difficulty in this measurement was that 
sometimes considerable pressure had to be applied in order to bring the 
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plates into contact at one edge, much greater than was applied to the 
speculum metal plates. There was considerable irregularity in the pres- 
sure required to cause contact, and it may have been that, after heating, 
the speculum metal plates were separated only by the thickness of the 
mica. At any rate one of the mica flakes measured in this way’had a 
thickness of two and a half wave-lengths, another one of two, and a 
third one of only one wave-length. 

I observed after the second heating that the mica flakes on speculum 
surfaces showed the same deep green color that they exhibited when 
free. This rather indicates close contact between the mica and the 
speculum. Also the fact that long-continued heating permitted the 
electrical charges to come closer together, when separated by mica, 
indicates that heating either drives off something that conducts and 
separates, or alters the structure of the surfaces. If the mica flakes were 
in contact with the speculum, then there can be no conducting atmosphere 
of more than two wave-lengths of light, for this I regard as about the 
safe limit of accuracy of my experiments, but if on the other hand there 
exists a conducting atmosphere which is at the same time a mechanically 
separating medium, then it would not be safe to set such a low limit on 
the thickness of a possible electron atmosphere. The question will not be 
definitely settled until the distances are measured simultaneously by the 
two methods. We propose to do this by using very thin films of platinum 
deposited on plane glass surfaces. It is hoped thereby to finally decide 
to a fraction of a wave-length whether or not an electron atmosphere 
exists, and also to obtain information on the réle played by insulating 
materials of small dimensions. 

In as much as heating certain insulators such as mica and quartz 
restored their insulating properties, it is certain that the conduction 
obtained by Wood at such long distances was due to the presence of 
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the insulating material, and it is presumed that films of moisture and 
conducting particles were responsible for it. 

In conclusion it may be said that while the electrical method was 
satisfactory as here used, it can be more accurately adapted to the 
problem in hand by more suitably choosing the suspension for the elec- 
trometer needle and by using a larger capacity in parallel with the 
electrometer. 


THE STATE UNIVERSITY OF IOWA. 

















ELECTROMAGNETIC INDUCTION. 


ON ELECTROMAGNETIC INDUCTION. 
By S. J. BARNETT. 


1. In a recent article’ on electromagnetic induction and relative 
motion published in this journal, and in a preliminary paper* published 
in the Physikalische Zeitschrift, I referred incidentally and briefly, and 
of necessity adversely, to some work on unipolar induction® by Mr. E. H. 
Kennard, who has now published three articles‘ in reply, the last in the 
May number of this journal. Although, in my opinion, Mr. Kennard’s 
fallacies are quite apparent to anyone familiar with this part of elec- 
trical theory, it seemed advisable to make a reply to the first of these 
articles on its appearance; and a final reply is now necessary. 

2. In each of the three articles Mr. Kennard either states or implies 
that my chief criticism of his work is on account of his treatment of 
the dielectric on the moving line hypothesis. My chief criticism of Mr. 
Kennard’s work has always been that even if his moving line theory were 
absolutely correct when applied to the ordinary case of unipolar induc- 
tion in which the complete field-producing agent rotates, his sweeping 
conclusion from his experiments would be entirely without justification. 
For in his experiments the iron core of the electromagnet rotated alone 
while the magnetizing coil remained fixed like the condenser; yet his 
calculation of the effect to be expected on the moving line hypothesis 
assumes that on this hypothesis all the lines in his experiments would 
move with the iron. But it is quite impossible to say what fraction of 
the lines, on this hypothesis, would adhere to the iron and move, and 
what fraction would adhere to the coil and remain at rest. For the 
same reason, viz., that a part of the field-producing system was at rest, 
instead of all being in motion, the experiments are without value in 
connection with the matter of relativity. 

3. In treating the problem of unipolar induction in a fixed dielectric 

1 PHYSICAL REVIEW, 35, 1912, Pp. 323. 

2 Phys. Zeit., 13, 1912, p. 803. 

3 Phil. Mag., 23, 1912, p. 937. 

‘Phys. Zeit., 13, 1912, p. 1155, and 14, 1913, p. 250; PHysicaL Review (2), 1, 1913, 


P. 355- 
5 Phys. Zeit., 14, 1913, p. 251. 
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Poincaré,! Abraham, and myself have each assumed that throughout 
the field (points within the rotating magnet not being included) the 
electric density is proportional to the divergence of the total electric 
intensity. Mr. Kennard says that this was the assumption made by 
Hertz,? but that it is not always allowable on the theory of Lorentz. 
These statements are both true. But it is also true and well known that 
in fields such as that under discussion, in which the intensities are steady 
and the ether and matter at rest, Lorentz’s theory and Hertz’s theory 
and Maxwell’s theory are completely identical so far as the total intensity, 
displacement, and density are concerned; and that in this case the 
assumption referred to is not only allowable but necessary. Mr. Ken- 
nard says that this assumption “ may easily be shown to be incompatible 
with the moving line theory,’’ and attempts to prove his assertion as 
follows: He writes the equation 


div f = div (E+e) (1) 


in which E, e, and f are the field, motional, and total intensities, and 
applies the equation to a point in a dielectric of free ether at which the 
electric density, and therefore div f, according to Poincaré, Abraham, 
and myself, are zero. This gives 


div e = — div E. (2) 


Mr. Kennard then assumes, without justification, that div E = 0. Then 
he calculates div e and finds that it does not vanish—a particular case of 
a well-known relation to which he has repeatedly called attention. 
Hence he concludes that (1) and (2) cannot be correct, and therefore 
that I and the others are wrong. The trouble, however, is only with the 
false assumption div E = o. 

4. To come to the next point, which I did not realize that my treat- 
ment could have left in obscurity, I have certainly assumed that moving 
lines of induction act on the ether precisely as on a material dielectric.’ 


1 Poincaré assigns to the dielectrics, magnet, and other conductors velocities which may 
vanish in particular cases. His treatment of the subject on Lorentz’s theory is not correct 
for the case in which the velocities of the dielectrics differ from zero; and his conclusion that 
so far as experiment can show “the theory of Lorentz leads to the same results as that of 
Hertz”’ in the general case is erroneous. When the dielectrics move the two theories give 
quite different results; but on each theory the result is independent of the hypothesis adopted 
with reference to the seat of the electromotive force. 

2Mr. Kennard’s statement that Hertz “rejected the motional intensity’’ cannot be 
accepted. 

8 This is also an implicit assumption in the work of Poincaré and Abraham. For in the 
case under discussion the total intensity f differs from the field intensity E (whenever there is 
a difference) only by the motional intensity e. As another discussion of unipolar induction 
manifestly based on the same assumption should be mentioned that of S. Valentiner (Phys. 
Zeit., 6, 1905, p. 10), which, as far as it goes, is essentially identical with my own. 
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Mr. Kennard says that this is not consistent with current electrical 
theory as he knows it. It is* ~ .eless old and sound doctrine, uni- 
versally accepted since the days axwell.! It is involved in the funda- 
mental relation between the electromotive force around a closed circuit 
in the ether at rest and the rate of change of magnetic flux through the 
circuit—a change produced, according to Maxwell, by the motion of the 
lines of induction across the circuit, since the lines of induction are closed 
curves—coupled with the relation between intensity and displacement. 
Among many obvious examples, one whose mere mention should be 
sufficient is the case in which the energy of a magnet set into motion is 
transformed into electromagnetic energy and transferred to an adjacent 
electric circuit in accordance with Poynting’s theorem. As to .Mr. 
Kennard’s ideas on the diametrical opposition of ether to matter, etc., 
no remarks seem necessary. 

5. The calculation of the charge on the condenser in my experiments 
to be expected on the moving line hypothesis when the field-producing 
agent rotates and the condenser remains fixed (Case II.) Mr. Kennard 
proceeds to make by assuming that the charge would be the same as 
when the condenser rotates and the field-producing agent remains at 
rest (Case I.). His reason for this appears to be the false assumption 
that the moving lines would have no effect on the ether. Had Mr. 
Kennard taken proper account of the ether, he would have obtained the 
charge zero, exactly as if the lines had been assumed to remain fixed. 
Because his calculation gave a charge independent of the magnitude of 
the dielectric constant, he stated in a previous paper, referring to my 
criticism that he had not taken proper account of the dielectric, that the 
trouble could not be with his treatment of the dielectric. But the 
neglected ether is an important part of the dielectric. 

6. In his concluding paragraph Mr. Kennard says that he has elsewhere 
called attention to the fact that my conclusion as to relative motion rests 
in part on an inference. 

Now it follows immediately and necessarily from the experiments of 
Faraday, Lorentz, Rayleigh and others on the motion of conductors in 
magnetic fields, together with the experiments of Blondlot, H. A. Wilson, 
and myself on the motion of insulators in magnetic fields, that if the con- 
denser, whatever the magnitude of the constant of its dielectric, rotates 
while the agent producing the magnetic field remains fixed (Case I.), 
the condenser receives a charge equal to the product of the capacity 
as it would be with ether alone as dielectric by the rate at which the 


1 See, for example, Heaviside’s Electromagnetic Theory, I., § 48; Lodge’s Modern Views of 
Electricity, p. viii and §§ 114, 115; and S. Valentiner, loc. cit. 
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short-circuiting wire cuts across magnetic flux; and that if the material 
part of the dielectric is air, as in my own recent experiments, it is of no 
consequence whether the air moves with the conductors or not. 

In the first of my original papers I referred only to the fact of the con- 
denser’s becoming charged; and in the second I referred, in addition, 
only to the “‘experiments of Faraday and others” as establishing the fact. 
Probably I should have gone into greater detail. This I have done in the 
Physikalische Zeitschrift, 14, 1913, p. 251; and in Science, January 17 
and February 21, 1913. 

The brief statement of fact, without reference to authority, in my first 
paper drew from Mr. Kennard the criticism to which he refers. He said 
that I had failed to give experimental proof of my statement. References 
to the experimental work having been given later, however, Mr. Kennard 
now objects to the experiments of Blondlot, Wilson, and myself on insula- 
tors on account of sliding contacts, stationary connecting wires, absence 
of a conducting screen, etc. These objections are entirely inconsequential 
and irrelevant and I shall not consider them further. No one will object 
to the repetition of any or all of these experiments, either modified or 
unmodified, by anyone who is sufficiently interested in them; but it is 
quite certain what the results will be. 

7. In conclusion it seems desirable to consider briefly what happens 
on the theories of Hertz, Einstein, and Lorentz in each of the two principal 
experiments involved in the discussion of-relative motion. As above, the 
case in which the condenser rotates will be referred to as Case I.; that in 
which the condenser remains at rest, as Case II. 

On the theory of Hertz, the condenser is uncharged in Case I. and also 
in Case II. , 

On the theory of Einstein, the condenser is charged as indicated in § 6 
in Case I., and charged in the same way in Case II. 

On the theory of Lorentz, the condenser is charged as indicated in § 6 
in Case I., and is uncharged in Case II. 

Lorentz’s theory is thus the only one which is consistent with both sets 
of experiments. 


THE OnIO STATE UNIVERSITY, 
June 7, 1913. 
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THE PHOTOELECTRIC PROPERTIES AND CONTACT 
RESISTANCES OF THIN CATHODE FILMS. II. 





By OTTO STUHLMANN, JR., AND KARL T. COMPTON. 


Asecond point of interest about Fig. 3 is that the curves are approxi- 
mately logarithmic. It is known that the absorption of light also 
increases logarithmically as the thickness of the film increases. This 
would support the view that the number of emitted electrons is at least 
approximately proportional to the amount of light absorbed in the film. 

Finally, attention should be called to the ‘‘humps”’ observed in two 
of the curves at A and B. Here the current increases rapidly, then 
decreases and again increases more slowly. This same phenomenon was 
consistently observed by Robinson.? For some reason this phenomenon 
was not present in curves 5 and 8. Apparently the normal course of 
the curve in this region would be that indicated by the dotted lines. The 
first departure below these dotted lines has been shown to be due to 
faulty contact. Several explanations of these maxima in the curves 
have been considered but we have not sufficient data to support any of 
them. We simply, therefore, call attention to this peculiarity without 
attempting to explain it. 


SUMMARY. 


The most important results of this investigation are: 
1. Thin platinum cathode films emit photo-electrons with maximum 
velocities at least approximately the same as those emitted by ordinary 
platinum. The intrinsic potential of these films is also the same, or very 
nearly the same, as that of ordinary platinum. If variations in these 
quantities occur, due to the as yet unknown properties of very thin films, 
they are certainly small. 

2. The high photoelectric potentials which we observed, and doubtless 
those observed under similar conditions by other investigators, were due 
to the presence of soft wax or grease inside the sputtering apparatus. 


1Concluded from the September number. 
2 Loc. cit. 
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3. The saturation currents from thin sputtered films appear to be 
larger than those obtained from ordinary platinum. They increase 
approximately logarithmically with the thickness of the film and are 
therefore proportional to the amount of light absorbed by the film. 

4. The method of making contact with the films has a great influence 
on the observed electrical properties of very thin films. 

In conclusion we wish to thank the departments of physics of Princeton 
University and the University of Pennsylvania for the generosity with 
which they placed the facilities of their laboratories at our disposal. We 
especially wish to thank Professor O. W. Richardson for his suggestions 
and continued interest in our work. 
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